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PUBLIC SUMMARY

= The bioinspired flexible opto-electronic skin (OE-skin) mimics organism nano-micro structures.

m The OE-skin enables NIR-controlled on-demand adhesion with safe robustness at biological interfaces.
m Validated across cellular to organism levels, it ensures biocompatibility for prolonged wearable use.

m The OE-skin achieves in vivo multimodal signal acquisition, decoupling dual physiological signals.

m The OE-skin integrates microelectronics and Al for physiological monitoring and human-computer interactions.
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Flexible electronic skins hold great promise for biomedical applications,
although challenges remain in achieving controllable interactions with
the biological interface and accurate signal collection. Inspired by octo-
puses and chameleons, we propose a novel electronic skin paradigm
with on-demand adhesion and opto-electronic synergistic display capa-
bilities. Our electronic skins are composed of a stretchable polyure-
thane (PU) inverse opal film integrated with a carbon nanotube
(CNT)-hybridized polyacrylamide (PAAm)-gelatin double-network-hydro-
gel conductive flexible substrate and a temperature-responsive
poly(N-isopropylacrylamide) (PNIPAm) octopus-inspired hemispherical
adhesive array. The device’'s CNT hybrid double-network provides
robust and sensitive monitoring of temperature and motion. Meanwhile,
its flexible PU layer with an inverse opal structure allows for visual mo-
tion color sensing. Integrated neural network processing ensures accu-
rate, wide-range, and independent multimodal display. Additionally, the
integration of the photothermal effect of CNTs and the temperature-
sensitive octopus-inspired PNIPAm adhesive array enables on-demand
adhesion. The sensing and adhesion demonstrations ex vivo and in vivo
showcase the proposed flexible electronic skin's inspirational design
and functional utilities. The potential applications of such a versatile
device are vast, ranging from healthcare to human-machine inter-
actions.

INTRODUCTION

Flexible electronic skins have profound implications and broad pros-
pects in biomedicine, including health monitoring, human-machine interac-
tions, intelligent prosthetics, etc.' ° The application of electronic skins typi-
cally requires designing and constructing flexible conductive materials,® ©
followed by the skins interacting with the biological interface and the moni-
toring of physiological signals.””'® These expectations pose severe chal-
lenges for interactions with the biological interface and the execution of
the electrical functionality'*™'": current adhesion systems will suffer
from deficiencies in controllability and robustness, resulting in intractable
regulation of adhesion and detachment behaviors.'® ?° In addition, in
terms of electrical functionality, most current flexible electronics can
only detect a single modality of electronic signals with low accuracy but
high interference.?* ?® Therefore, there is an urgent need to develop a
new type of flexible electronics with advanced adhesion behavior and pre-
cise multimodal synergistic capability.

Here, inspired by multiple mechanisms of octopus adhesion and chame-
leon color change, we propose an innovative paradigm of electronic skins
with on-demand adhesion and opto-electronic synergistic information
display capabilities, as shown in Figure 1. In nature, octopuses achieve
reversible adhesion by manipulating the motions of the hemispherical struc-
tures in their suckers, adapting to diverse demands.?’ *° On the other hand,
chameleons can rapidly alter their skin color to adapt to the environment due
to the structural color generated by the nano-gratings in their pigment
cells.>' 72 Mimicking these phenomena, functional materials with unique
adhesive and optical properties possess potential values in different areas.
In particular, by further synergizing the optical and electrical information
with signal processing means, such as neural networks, an excellent

display of uncoupled multimodal physiological signals is expected to be
achieved.®**® Therefore, mimicking these bioinspired features reveals in-
sights into a novel class of innovative and superior intelligent, flexible elec-
tronic devices.

In this paper, we employ a carbon nanotube (CNT)-hybridized polyacryl-
amide (PAAm)-gelatin double-network hydrogel to construct a conductive
flexible substrate and endow it with a temperature-responsive poly(N-iso-
propylacrylamide) (PNIPAm) octopus-inspired hemispherical adhesive
array. We further integrate it with a flexible polyurethane (PU) inverse
opal film to design the opto-electronic skin (OE-skin), which allows for
satisfying controllable and robust adhesion as well as multimodal physi-
ological information monitoring on the biological interface. Owing to the
CNT and PAAmM network, this electronic skin has superior robustness
and sensitive monitoring ability for temperature and motion. Simulta-
neously, the photothermal effect of CNTs and the temperature sensitivity
between the octopus-inspired PNIPAm adhesive array synergize to
achieve on-demand adhesion behavior. More attractively, benefiting
from the excellent flexibility of the PU layer and the inverse opal structure,
this device can also realize visual color sensing for motions. By further
processing the opto-electronic synergistic signals through a neural
network, we can achieve accurate, independent, and interference-free
temperature and motion display. These features indicate that the pro-
posed flexible electronic skin has an advanced design concept and prac-
tical functionality.

MATERIALS AND METHODS
Materials

Gelatin from porcine skin (~300 g Bloom), acrylamide, N-isopropylacrylamide, and Bis-
MBAA were purchased from Sigma-Aldrich (USA). HF, ammonium persulfate, Rhodamine
B, and tetramethylethylenediamine (TEMED) were purchased from Macklin (China). PU
was purchased from Zhejiang Huafon Spandex. SiO, nanoparticles were self-prepared
through the Stéber method. 3T3 cells and DMEM medium were purchased from
ScienCell (China). The Cell Counting Kit-8 (CCK-8) and live/dead cell viability kit were pur-
chased from Thermo Fisher Scientific (USA). CNTs were obtained from XFNANO (China).
Ecoflex was purchased from Smooth-On (USA). All other reagents used in the experiments
were of analytical grade and used directly.

Preparation of PU inverse opal films

First, several batches of SiO, nanospheres with diameters ranging from 220 to 320 nm
were selected through differential centrifugation. These nanospheres were dispersed in
ethanol to form a 20% w/v suspension using ultrasonic treatment. The suspension was
then uniformly coated onto glass slides via self-assembly, allowing the ethanol to evaporate
naturally over the course of 1 h. Subsequently, the primary templates were calcined at 600°C
for 9 h, resulting in the opal templates.

Next, a PU solution was prepared by dissolving PU at a concentration of 20% w/v in
DMF. This solution was stirred at 120 rpm in a 60°C water bath for 24 h until homoge-
neous. The cooled PU solution was then poured into the opal templates and spin
coated at 300 rpm for 100 s. The coated templates were placed on a hot plate at
80°C to gradually cure until the solvent completely evaporated, yielding a hybrid tem-
plate. Finally, the films were immersed in 40% w/v HF to etch away the templates, re-
sulting in the formation of PU inverse opal films. Distilled water was used to wash away
any residue.
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Figure 1. Schematic diagram of multi-bioinspired

OE-skins The flexible device is composed of inverse
opal film integrated with conductive double-network
hydrogel substrate and temperature-responsive,
octopus-inspired hemispherical adhesive array. It has
on-demand adhesion and opto-electronic synergistic
display capabilities.

(Figure S1). Initially, the PU inverse opal film
with structural color was prepared using the
opal template method (Figure 2A). This tem-
plate was formed by the bottom-up self-as-
sembly of SiO, nanospheres (Figure 2B).
Precisely, the SiO, dispersion liquid was uni-
formly coated onto a substrate. As the sol-
vent gradually evaporated, the SiO, formed
a highly ordered, close-packed repeating
sequence spatially. Further sintering was

performed to enhance its connection
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(Figures S2A and S2B). Subsequently, the in-
terval of this opal template was infiltrated
with the PU via capillary forces, forming a
hybrid template. The opal template was
then etched away, resulting in a PU film
with an inverse opal structure. Under scan-
ning electron microscopy (SEM), a regular
multilayer  porous  structure could be
observed (Figure 2C).

' The refractive index of the inverse opal struc-
: ture exhibits periodic variations at nanoscale, re-
: sulting in photonic band-gap properties. Hence,
light of specific frequencies is selectively re-

Preparation of the single-network hydrogels

The single-network hydrogel was formed by free radical polymerization. 20% w/v AAm or
NIPAM monomer, 0.5% w/v initiator potassium persulfate, and 0.1% w/v crosslinker Bis-
MBAA were dissolved in ultrapure water and homogenized by stirring at 40°C to obtain a
pre-gel. To initiate free radical polymerization, T pL mL~" of TEMED was added to the above
solution. The single-network hydrogel of PAAM or PNIPAmM was formed by standing in a ni-
trogen atmosphere at room temperature for 10 min.

Preparation of the double-network hydrogels

The double-network hydrogel was similar to the single network, and its covalent network
was formed by free radical polymerization. 20% w/v AAm or NIPAm monomer, 10% w/v
gelatin, 0.5% w/v initiator potassium persulfate, 0.1% w/v crosslinker Bis-MBAA, and 1%
w/v CNTs were dissolved in ultrapure water and homogenized by stirring at 40°C to obtain
a pre-gel. To initiate free radical polymerization, 1 uL mL~" of TEMED was added to the
above solution. The single-network hydrogel of PAAmM or PNIPAM was formed by standing
in a nitrogen atmosphere at room temperature for 10 min.

Preparation of the OE-skin

First, the hydrogel layer was constructed using the stepwise template method. The pre-
gel solution of double-network PNIPAmM was filled into the hemispherical cavity of the mold
under vacuum, and the excess solution was removed. The PNIPAM network was allowed to
crosslink for 10 min. The pre-gel solution of double-network PAAM was then further infused
to form a backing layer. Before crosslinking, the PU inverse opal film was covered on the
back to form a coupling.

Other additional details are provided in the supplemental information.

RESULTS AND DISCUSSION

In the experiment, our OE-skins are composed of an elastic PU
inverse opal film and a conductive double-network hydrogel layer. The hy-
drogel layer features an octopus-inspired hemispherical adhesive array

flected, which imparts the PU film with its brilliant

and unique structural color. The diverse struc-

tural colors, corresponding to various wave-
lengths of reflection peaks, can be modulated by multiple factors. For normal
incident light, the corresponding reflection peak follows Bragg's law:

A=1.633 d"Naverage.

Therefore, a series of SiO, nanosphere opal templates with different interpla-
nar spacing d were replicated. The corresponding PU inverse opal films with
various reflection peaks A can be achieved, displaying a rich array of colors,
with constant refractive index n as shown in Figure 2D.

Furthermore, a heterogeneous hydrogel adhesive layer was simply prepared
using a stepwise template infusion method (Figures 2E and S3) and coupled
with the PU inverse opal film (Figure 2E), ultimately obtaining the OE-skin. The
backing layer and adhesive array were composed of PAAm-based and
PNIPAM-based double-network hydrogels, respectively (Figure S3). Microcom-
puted tomography (micro-CT) three-dimensional (3D) reconstruction results dis-
played an ordered and regular hemispherical adhesive array (Figure 2F). Stereo-
scopic fluorescence images further demonstrated the heterogeneity of the
hemispheres and backing through different fluorescent staining, which were
dyed red and green, respectively (Figure 2G). At the microscale, the hydrogels ex-
hibited an abundant porous network structure (Figures S4A and S4B). Addition-
ally, the doped CNTs could be observed to be dispersed within the network, as
indicated by the arrows (Figures S4C and S4D). This microscopic uniformity en-
sures the robustness of the OE-skin. Benefiting from the toughening of the inter-
penetrating network and non-covalent interactions such as hydrogen bonding,
the above double-network hydrogels exhibit superior mechanical properties
compared to single networks. The elastic PU also shows high fracture strain
and fracture strength, making them suitable for constructing flexible electronic
devices (Figures S5A-S5C).

After the coupling process, the OE-skin exhibits more vivid structural colors
compared to the isolated PU inverse opal film (Figure 2H), which is due to the
CNTs providing a darker background that absorbs scattered light (Figure 2I).
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Figure 2. Preparation and characterization of OE-skin (A) Preparation of PU inverse opal film. PU is filled into the opal template self-assembled from SiO, nanospheres to obtain a
hybrid template. Then, SiO, is etched away to finally obtain the inverse opal PU film. (B) SEM image of opal template self-assembled from SiO, nanospheres with an ordered structure.
(C) SEM image of inverse opal structure. The structure is opposite that of the opal template and has ordered pores. (D) Reflective spectra of PU inverse opal film. Films of various
colors can be obtained by controlling the parameters. (E) Stepwise template method of hydrogel layer and coupling of PU inverse opal film. Finally, the OE-skin is obtained. (F) Micro-CT
image of OE-skin. Its surface has a hemispherical adhesive array. (G) Fluorescence image with heterogeneity. The hydrogel backing layer is dyed green, while the adhesive array is
dyed red. (H) OE-skin with different structural colors. (1) Hydrogel with adhesive array layer. Its dark background makes the structural color more vivid. (J) Mechanical tests of firm
coupled interface. n = 3. (K) Tensile fracture test. The coupling of PU film and hydrogel layer enhances the tensile performance. (L) Cyclic stretching test. The OE-skin shows stability in
500 cycles of tensile. Scale bars: T um in (B) and (C) and 5 mm in (D) and (F)—(l).

The coupling between the hydrogel adhesive layer and the inverse opal film was  ceeded 30 kPa, which was over 1,000 times the weight of the OE-skin. The inter-
maintained by the intermolecular forces and interfacial interlocking. With SEM,  facial toughness also exceeded 50 J m~2, demonstrating structural stability and
we could observe that the interface of the two layers was tightly bonded (Fig-  difficulty in layer separation.

ure S6). A gquantitative mechanical test of the coupling strength was carried The tensile resistance of the OE-skin was also improved compared to the iso-
out, including the PAAm-based hydrogel with PNIPAM-based hydrogels and  lated hydrogel layer or PU film (Figure 2K). As the original length was set to
the PAAM-based hydrogel with PU (Figure 2J). The breaking strengths both ex- 20 mm, the isolated hydrogel layer achieved a fracture elongation of over
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Figure 3. NIR-controlled behaviors of the OE-skins (A and B) Responsiveness of hydrogel network components under NIR irradiation. CNTs undergo photothermal conversion, and
the temperature rise causes the uncrosslinking of gelatin and the shrinking of PNIPAmM. (C) Temperature changing curve of OE-skin under different power densities of NIR. (D)
Temperature cycling curve under periodic irradiations of NIR. (E) Rheological curve of isolated gelatin network, proving the uncrosslinking caused by temperature rise. (F) Change
curve of PNIPAmM-based hydrogel's mass M with temperature. Shrinkage occurs when the temperature rises. My stands for initial mass. (G and H) Fluorescence images of
the hemispherical array adhered to the substrate before and after NIR irradiation and the statistics of the change rate of their area S. n = 6. Scale bars: 1 cm in (E), 0.5 cmin (F),

and 1T mmin (G).

300% (displacement > 60 mm), which fully meets the needs of flexible elec-
tronics. The coupled OE-skin showed an even higher fracture elongation of
over 450% (displacement > 90 mm), likely due to the effect of hindering crack
formation. Furthermore, to simulate the actual repeated deformation of flexible
electronic skin, a tensile test with 500 cycles was designed on 4 parallel OE-
skin samples (Figures 2L and S7TA-S7D). As seen, the OE-skin was stretched
from its original length of 20 mm to 100% strain. Fatigue occurred mainly during
the initial stretching cycles. In the subsequent hundreds of cycles, the tensile
force level remained almost unchanged. This is attributed to the highly reversible
tensile resistance of the PAAm double-network hydrogel and PU, both of which
are elastomeric materials.

Additionally, the OE-skin demonstrated excellent resistance to breaking, such
as cutting and puncturing, which was tested with knives and tips (Figures S7E
and S7F). Furthermore, the OE-skin was adhered to the flexible knuckle joint of
an index finger and then subjected to over 100 impacts using a sharp blade
and pointed tip (Video ST). During this process, the OE-skin's surface exhibited
temporary yet reversible deformation, indicating a certain level of resistance to
cutting and puncturing. As expected, once the blade and tip were removed, the
OE-skin quickly returned to its original shape, and the traces of cutting or punc-
turing disappeared. Subsequently, the OE-skin underwent several dozen bending
cycles with the knuckle, maintaining close adhesion to the skin without any me-
chanical damage, proving its reliability (Video S2). To further guantitatively
demonstrate this robustness, we tested the changes in OE-skin's conductivity
(G), reflection peak (1), and tensile force (F) after puncturing it 10 times with a
2 N force, cutting it 10 times with a 2 N force, or putting it through 100 cycles
of 100% strain, respectively (Figures S7TG—S7I). These changes were compared
to the initial values (Gg, o, and Fy), representing the optical, electrical, and me-
chanical performance of the OE-skin. The values did not show significant de-
creases, indicating that the OE-skin maintained its stability well under these im-

pacts. Overall, our flexible electronic skin exhibits superior flexibility and
robustness, which greatly benefits stable monitoring.

To facilitate wireless control of the behaviors, such as adhesion, of the OE-skin,
it was designed to exhibit sensitive and reusable photothermal conversion prop-
erties through the incorporation of CNTs, which further induced the temperature-
responsive behavior of the hydrogel network (Figures 3A and 3B). Under near-
infrared (NIR) irradiation at 808 nm, the temperature of the OE-skin increased
due to the photothermal effect, and the rate of temperature rise was modulated
by the irradiation power densities (Figure 3C). As seen, lower power densities re-
sulted in a slower temperature rise, affecting the corresponding sensitivity.
Conversely, higher power densities led to rapid temperature changes, which
were difficult to control and unsafe. A moderate and rapid temperature rise curve
was achieved at 0.5 W/cm, which was chosen for subsequent applications. To
demonstrate the reproducibility of the OE-skin's photothermal conversion, peri-
odic NIR-induced photothermal cycles were employed (Figure 3D). Through
four cycles of pulsed irradiation followed by shutdown, OE-skin completed
four heating-cooling cycles. The temperature changes remained sensitive
throughout, with no significant deviations during these cycles. This demonstra-
tion proves the robust and flexible NIR responsiveness of the OE-skin, facilitating
on-demand control.

The thermosensitive hydrogel network of the OE-skin can undergo transitions
under photothermal effects. Specifically, the non-covalent component of the dou-
ble-network hydrogel and gelatin can achieve reversible crosslinked-uncros-
slinked transitions under temperature influence (Figures 3A and 3E). Rheological
tests indicate that the storage modulus (G’) and loss modulus (G”) of the isolated
gelatin network decrease in response to temperature rise, intersecting at near
body surface temperature. This is due to the temperature-reversible effect on
the crosslinked hydrogen bonds within the gelatin network. The adhesive hemi-
sphere array formed by the PNIPAmM component also responds to temperature.
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Higher temperatures can induce changes to its hydrophilic-hydrophobic balance,
leading to volume phase transition and subsequent shrinkage. The process was
recorded via the mass change rate against temperature (Figure 3F). This
behavior exhibited a significant shrinkage rate and a change range around
body surface temperature. To visually reflect the phenomenon, fluorescence mi-
croscopy was used to observe the NIR-controlled hemispherical array adhered to
the substrate (Figure 3G). Meanwhile, the change in fluorescent area was plotted
(Figure 3H). In the initial state, the dyed hemispherical array appeared uniformly
circular. When NIR irradiation was applied, the hemispheres shrank in volume,
reducing the contact area with the substrate. When the NIR was turned off,
the hemispheres returned to their original shape, demonstrating their
outstanding reversible controllability.

Moreover, broken OE-skin can self-heal under NIR illumination. Besides its
excellent mechanical properties, the OE-skin's capability to restore its original
shape and performance even after breaking is attractive for flexible electronic de-
vices (Figure S8A). Upon cutting, NIR irradiation causes gelatin molecules to
responsively diffuse at the fractured interface and re-establish topological adhe-
sion, allowing the hydrogel network to recover (Figure S8B). Due to the revers-
ibility of hydrogen bonds in gelatin, this self-healing process is also reversible.
The mechanical strength and electrical conductivity of the OE-skin were tested
before and after multiple healing cycles. The mechanical strength showed partial
recovery (Figure S8C), while the electrical conductivity almost fully recovered
(Figure S8D).

The OE-skin, profiting from its controllability under NIR, can achieve strong and
on-demand wet adhesion (Figure 4A). To induce firm adhesion, the OE-skin was
attached to a wet tissue surface and applied pre-pressure after NIR heating. This
adhesion relies on three factors. First, the water on the wet tissue surface is trap-
ped in the gaps of the hemispherical array, forming a liquid seal against the inter-
nal vacuum (Figure S10). This prevents interfacial water from affecting adhesion,
which is a major cause of failure in most tissue adhesives. Second, the negative
pressure inside the hemispherical array induces physical contact with the tissue
surface, enhancing adhesion. Third, components of the hydrogel network, espe-
cially gelatin, diffuse across the tissue interface during NIR heating, forming en-
tanglements. These molecules are more crosslinked by hydrogen bonds when
cooling down to body surface temperature, creating topological adhesion.
When detachment of the OE-skin is needed, NIR is applied to deactivate all of
the above three adhesion factors. The reversible crosslinking of molecules like
gelatin is weakened, leading to disentanglement of the hydrogel network from
the tissue surface. The shrinkage of the hemispherical array reduces the effective
contact area. As the OE-skin is peeled off, interfacial water is released from the
cavities, further weakening the adhesion at the interface.

To quantitatively demonstrate the adhesion capability of the OE-skin on tissue
surfaces, it was adhered to wet pig skin and compared with a plain patch without
the adhesive array (Figure 4B). In tensile and shearing adhesion tests, the sam-
ples were stretched vertically and horizontally against the pig skin until complete
separation. In both test modes, the OE-skin with hemispherical adhesive arrays
exhibited greater stress, indicating stronger adhesion. Meanwhile, greater
displacement represented a larger separation distance. Additionally, the arrays
resulted in larger curve integration, indicating that more energy was required
for interface separation. Furthermore, a systematic quantitative analysis of the
adhesion capabilities of the “array” and “plain” groups under different conditions
was conducted in terms of strength and energy (Figure 4C). The OE-skin showed
the best adhesion on dry skin, with tensile strength sufficient to withstand 1,500
times the OE-skin's own weight, fully meeting the usage requirements. The plain
patch also performed well on dry skin, demonstrating the effectiveness of molec-
ular adhesion strategies. However, as previously mentioned, interfacial water on
wet skin destroys adhesion. Due to the adhesive array's ability to trap interfacial
water, it prevented significant decreases in both strength and energy (~84% for
tensile strength and ~63% for adhesion energy), mitigating the adverse effects of
interfacial water. In contrast, the plain patch failed due to interfacial water
(Figure 4D).

Furthermore, due to the repeatability of the OE-skin's adhesion mechanism, it
can switch between adhesive and non-adhesive states over several cycles,
achieving reversible adhesion. After five cycles, its adhesive state still maintains
a tensile strength above 25 kPa, while the non-adhesive state has a strength of
around 5 kPa, making it easier to peel off (Figure 4E). Repeated testing in the fifth
cycle showed that the non-adhesive state had significantly lower stress, displace-
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ment, and curve area, with maximum values that were ~22% of the adhesive
state, achieving reversible on-demand adhesion (Figure 4F). This feature can
be used to adjust position, reuse, and recycle.

We further simulated five cycles of adhesion and repositioning of the OE-skin
on human skin. During these cycles, the adhesion remained robust and did not
cause any discomfort to the skin (Figure S9A). The optical and electrical proper-
ties of the OE-skin were also consistently stable, with a relative stability rate of
around 100% (Figure S9B). These experiments demonstrate that repeated
removal and adhesion do not affect the normal in vivo functioning of the OE-
skin. On a theoretical level, reversible adhesion does not impact the functional
performance of the OE-skin. Firstly, adhesion is an interfacial behavior that oc-
curs at the part in contact with the skin. The execution of the OE-skin’s optical
and electrical properties primarily relies on the substrate. Secondly, the intrinsic
changes that mediate adhesion are reversible; specifically, the thermosensitive
interactions between gelatin and PNIPAm molecules are hydrogen bonds, which
are recognized for their reversibility. In particular, adhesion to hairy skin surfaces
is also demonstrated in Figure S9 and Videos S1 and S2. The skin adhered to by
the OE-skin has fine hair, illustrating its resistance to hair interference. Of course,
for areas heavily covered with bushy hair, such as the head, we can refer to clin-
ically recommended skin preparation methods. By removing a small area of hair
and cleaning the skin immediately before wearing the OE-skin, we can achieve
more stable adhesion and performance, which is both practical and harmless.

To test the on-demand adhesion performance of the OE-skin in practical sce-
narios, it was adhered to the back of nude mice, allowing the nude mice to move
freely for 1 h (Figure 4G). During this period, the OE-skin remained firmly attached
without any loosening or displacement. Representative movement of nude mice
with the OE-skin affixed to their skin was recorded in Video S3. The nude mice
were placed on a rotating disk, where they were freely engaged in various activ-
ities such as crawling, running, and twisting. Notably, there were no signs of mice
biting or scratching at the OE-skin, confirming that the OE-skin not only adheres
robustly but also ensures the comfort of living organisms without affecting their
normal behavior. For detachment, NIR was used to heat the OE-skin to 45°C, af-
ter which it could be easily removed from the skin with tweezers. Intriguingly, due
to the universality of the physical and molecular adhesion mechanisms, the OE-
skin achieved firm adhesion on various moist biological tissues, such as muscle,
stomach, intestines, and heart (Figures 4H and 4l), indicating its broad potential
for monitoring internal tissues. Additionally, it adhered well to various materials
like glass, silicon wafers, plastic, rubber, paper, and metal (Figures 4J and 4K),
even exhibiting stronger adhesion than on biological samples, which suggests
its potential as a sensor in a wider range of applications. As for the potential appli-
cation scenarios of the OE-skin on non-biological surfaces, in the use of flexible
electronic devices, there are instances where direct contact with the body surface
is not possible or allowed, such as with divers, patients with surface coverings, or
other special populations. In these cases, the substrates to which the OE-skin
needs to be adhered might be rubberized diving suits or the plastic surface of
dressings. Furthermore, silicon-based or metal-based materials are promising di-
rections for advanced usage in the future, such as in robots, and it is valuable for
flexible electronic devices to monitor the temperature or relative motion between
two silicon or metal parts. Additionally, the OE-skin is expected to be utilized for
the transfer of various samples, such as silicon and glass wafers, with monitoring
services to support industrial production.

When employing flexible electronics, issues such as the accumulation of body
heat and sweat may also arise. These factors not only affect the accuracy of
measurements but also impact the health and safety of living organisms, neces-
sitating properties of breathability and water resistance. For the OE-skin, multiple
effects ensure that it is unaffected by sweat. Firstly, the part of the OE-skin that
comes into contact with the skin is made of a hydrogel material. As a porous
polymer network, breathability is one of the inherent attributes of hydrogels. As
demonstrated in Figure S4, the hydrogel material used in the OE-skin possesses
a microscopic porous structure. To further illustrate this, we simulated sweat
with droplets applied to the non-array area of the OE-skin (Figure STOA). It could
be observed that the liquid quickly penetrated via the hydrogel network. More-
over, the patterned design in the OE-skin could further serve as a chamber to
accommodate excess surface liquids, reinforcing the aforementioned effect (Fig-
ure ST0B). In terms of application, the OE-skin exhibited a high tolerance to lig-
uids, such as water. We adhered the OE-skin to human skin and demonstrated
its performance under extremely liquid-rich conditions (submerged in water)
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Figure 4. On-demand adhesion of OE-skin (A) The firm adhesion mechanism of OE-skin relies on three factors: trapped interfacial water, physical contact, and molecular adhesion.
Under NIR control, all three factors are destroyed, and the OE-skin transforms into a non-adhesive state. (B and C) Adhesion curves of the “array” group with adhesive array and the
“plain” group without array on wet skin under tensile and shearing modes. (D )Adhesion strength and energy of array and plain groups on dry and wet skin. The plain group showed

obvious adhesion failure on wet skin. n =

3. (E) Adhesion cycle curve. The OE-skin is controlled to switch between two states multiple times on demand. (F) Comparison of tensile

curves in adhesive and non-adhesive states. (G) Physical picture of adhesion on the skin of moving nude mice and on-demand removal. (H and I) Physical pictures and statistical
graphs of adhesion on various biological tissue surfaces. n = 3. (J and K) Physical pictures and statistical pictures attached to the surfaces of various materials. n = 3. All scale

bars: 1 cm.

(Video S4). Such extreme conditions far exceeded the range of human perspira-
tion, and under normal circumstances, the performance of the OE-skin was suf-
ficiently stable.

To meet the requirement of interaction with the human body, the OE-skin is
designed with excellent biocompatibility. The CNTs, PU, and hydrogel matrix in
this system are all suitable biomedical materials. To verify the cytocompatibility,
fibroblast cells were co-cultured with the OE-skin for 3 days according to 1SO
10993 standards. Live/dead-cell staining showed live cells in green and dead
cellsinred. Fluorescence images indicated that cells in both the OE-skin and con-
trol groups continued to proliferate over 3 days, with the vast majority remaining
viable (Figure 5A). The cells exhibited clear contours and healthy morphology,
with few dead cells observed. Further, the quantitative results from the CCK-8
showed no statistical difference in cell viability between the OE-skin and control
groups over 3 days, confirming its cytocompatibility (Figure 5B). As a potential
implantable device, its blood compatibility was also evaluated through in vitro he-

molysis tests. The OE-skin interacted with resuspended blood cells, showing no
significant hemolysis even at a concentration of 100 mg mL™", well below the 5%
threshold set by I1SO 10993 for blood-contacting medical devices (Figure 5C),
demonstrating its safety in interactions with blood components.

The in vivo compatibility of the OE-skin with tissue surfaces was further eval-
uated. It was also adhered to the back skin of nude mice. After 1 h of adhesion,
NIR was used to trigger OE-skin separation, with commercial tape as a control
(Figure 5D). Clinically, medical adhesive-related skin injury (MARSI) caused by
commercial tape is common. Initial images showed that the skin of the nude
mice remained soft and healthy. However, after adhesion with commercial
tape, the skin showed signs of dryness and redness due to the strong but uncon-
trollable adhesion force and potential irritants, such as organic solvents. In
contrast, the OE-skin, due to its biocompatible components and soft tissue-like
wet matrix, did not irritate the skin, which remained healthy post-adhesion. His-
tological analysis of in situ skin samples using hematoxylin and eosin (H&E)
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Figure 5. Biocompatibility of OE-skin (A) Fluorescence images show that after 3 days of co-culture, the cells treated with OE-skin and the control group have normal morphology and
continue to proliferate. (B) CCK-8 statistical results show that there is no statistical difference in cell viability between the OE-skin group and the control group within 3 days of co-
culture. n = 6. (C) Hemolysis rate of different proportions of OE-skin. n = 6. Even at 100 mg mL™", it is less than the ISO standard of 5%. (D) Physical images of OE-skin and commercial
tape adhesion on the skin surface of nude mice. Commercial tape caused adverse reactions, such as redness and swelling, while the skin treated with OE-skin remained healthy. (E)
Corresponding histological H&E staining image. Commercial tape caused subcutaneous hemorrhage, as shown by the arrow. (F) OE-skin has good tissue compatibility. IL-6 (red),
TNF-a (green), and CD68 (yellow)/CD206 (purple) immunofluorescence staining are shown. Scale bars: 100 pm in (A) and (E), 1 cm in (C) and (D), and 200 um in (F).

staining (Figure 5E) revealed that commercial tape caused some subcutaneous
capillary rupture, with red blood cells observed in the tissue gaps, as shown by
the arrows. In contrast, the skin treated with the OE-skin remained intact, with
no vascular rupture, allergy, or inflamsnmation observed.

The long-term effects of the OE-skin on the biological surface were further
studied and evaluated using various inflammation and immune markers. Specif-
ically, the OE-skin was worn on the delicate skin of nude mice for 6 h. Subse-
quently, we selected interleukin (IL)-6, tumor necrosis factor alpha (TNF-e), and
CD68/CD206 for immunofluorescence staining to demonstrate the tissue
compatibility of the OE-skin (Figure 5F). IL-6 and TNF-o are potent pro-inflamma-
tory cytokines that play a key role in the acute phase response, and changes in
their levels can indicate whether there is an inflammatory response to the OE-
skin. CD68 is commonly used as a marker for macrophages, while CD206 is a
specific marker for M2-type macrophages. Fewer fluorescent areas were
observed in both the blank control group and the OE-skin group, indicating
that, from the perspective of multiple markers, the OE-skin caused rare inflalma-
tion and immune responses of biological tissue, with no macrophage infiltration,
demonstrating good biocompatibility. Furthermore, the relative fluorescence-
positive area of the aforementioned markers was statistically analyzed in Fig-
ure S11. For all indicators, there was no statistical difference between the OE-
skin groups and the blank control groups, indicating that the long-term action
of the OE-skin did not affect the health of the biological body surface. These re-
sults confirm the OE-skin's biocompatibility and suitability for practical applica-
tions at the cellular, tissue, and organism levels.

The OE-skin possesses multimodal flexible monitoring capabilities, both opti-
cal and electrical, allowing it to independently reflect various important physiolog-
ical information such as temperature and motion (Figure 6A). Specifically, the hy-
drogel layer functions as an electrical sensor, while the PU film serves as an
optical sensor. The conductivity of the hydrogel layer primarily arises from the
free electrons in the CNTs and their uniform dispersion within the hydrogel
network, which establishes electron transfer pathways. When the motion or tem-
perature changes, the resistance of the OE-skin changes accordingly, allowing for
the monitoring of physiological signals. When motion induces strain, the original

electron transfer pathways in the OE-skin expand, leading to a sensitive increase
in resistance, which is directly reflected by a decrease in the brightness of the
light-emitting diode (LED) light in series (Figure 6B). On the other hand, when
the temperature rises, the carrier mobility of the CNTs in the OE-skin increases,
resulting in a sensitive decrease in resistance and an increase in LED brightness
(Figure 6C). The opposite is also true. Thus, it is capable of monitoring both tem-
perature and motion. However, the isolated electrical signal cannot decouple the
two physiological signals, which can be further resolved by the optical sensor.

With regard to the optical sensor PU film, as previously mentioned, the unique
structural color of the PU opal film arises from its nanoscale photonic band-gap
effect. According to Bragg's law, when the OE-skin undergoes stretching during
motion, the normal interplanar spacing d decreases, leading to a change in struc-
tural color. During stretching, the structural color of the OE-skin changes contin-
uously and noticeably from red to blue-violet (Figure 6B). However, the interplanar
spacing d of the PU film is not sensitive to temperature changes within the mea-
surement range. Additionally, since the material composition remains un-
changed, the structural color of the OE-skin remains stable with temperature var-
iations (Figure 6C). This allowed the structural color change to primarily reflect
motion signals, thereby decoupling the electrical signal. Consequently, this
dual-modal sensing can sensitively and accurately respond independently to
both temperature and motion over a wide range. Such performance can serve
many practical application scenarios. For instance, in the case of athletes, their
target tissues are often in motion, and real-time monitoring of the amplitude
and speed of movement can yield valuable insights. Concurrently, the tempera-
ture of the target tissues is also important. A temperature that is too low may indi-
cate hypothermia or poor circulation, which may occur during outdoor activities.
On the other hand, a high body temperature may signal conditions such as
inflammation or heatstroke. In such cases, the OE-skin could guide athletes in
maintaining their body temperature within a safe range without compromising
the completion of their intended exercises. Additionally, for some patients, it is
necessary to monitor both mobility and temperature in their tissues. In this
context, temperature can indicate pathological conditions such as insufficient
blood supply or inflammation.
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Figure 6. Dual-modal monitoring capabilities of OE-skin (A) OE-skin obtains decoupled temperature and motion information through optical and electrical dual-modal sensing.
(B and C) Physical images of OE-skin's color and resistance changes under different strains (B) and temperatures (C), respectively, displaying sensitive responses. (D and E) The
response of the OE-skin's optical and electronic signal to temperature (D) and strain (E), respectively. n = 3. (F and G) Electrical (F) and optical (G) signals under dual-variable responses
of temperature and strain. The signals are stable with a wide range. (H) Neural network structure used to assist OE-skin regression analysis of variable relationships. (I) The loss
function of the neural network is close to saturation in 100 epochs, proving that the network model has well captured the variable relationship of OE-skin. The loss is the covariance
between the network prediction value and the theoretical value. (J and K) Heatmap distribution of the network prediction value and the actual value. The values are concentrated on
the diagonal line, proving that the consistency is strong. (L) OE-skin collects 20 cycles of motion information at the elbow, fingers, knee, and wrist. All scale bars: 0.5 cm.

The dual-modal sensing capabilities of the OE-skin were further systematically

tested. Within the isolated temperature changing range of 24°C—50°C, the shift
value of its structural color reflection peak showed no significant fluctuation, re-
maining around 0 nm. However, the resistance changing rate (AR/Rg) gradually
decreased to 48.6% as the temperature increased (Figure 6D). For motion infor-
mation, when the strain independently changed from 0% to 250%, the shift value
of the OE-skin changed from 0 to —133.7 nm, confirming the apparent blue shift
of the structural color. Meanwhile, AR/Rq sensitively increased to 163.4%, indi-
cating an increase in resistance due to strain (Figure 6E). It is worth mentioning

that the monitoring range of the OE-skin's response to temperature and strain
fully covers the range of human physiological signals. The optical and electrical
signal outputs of the OE-skin were studied under the dual effects of temperature
and strain within the aforementioned range. For AR/Rg, influenced by both elec-
tron transfer pathways and mobility, the highest resistance value was observed
at low temperature and high strain, and vice versa (Figure 6F). The optical signal
shift value remained largely insensitive to temperature under different strains,
showing an overall blue-shift trend with increasing strain (Figure 6G). Both 3D
surfaces exhibited a wide range of values and were relatively smooth, with no
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significant noise or fluctuations, demonstrating the sensitivity and stability of the
OE-skin’s output signals.

To better establish a model between variables, a neural-network-based ma-
chine learning algorithm was used to perform regression and prediction on the
input and output signals collected by the OE-skin. The network includes input
and output as well as two hidden layers (Figure 6H). The variable data, consisting
of signals with two input values (temperature and strain) and two output values
(AR/Rg and shift value), were divided into a training set (~66.7%) and a test set
(~33.3%). During the 100 epochs of training, the network’s loss function gradu-
ally decreased and eventually became saturated (Figure 6l), indicating a good fit
between the optical and electrical signals collected by the OE-skin and the
network model, effectively capturing their relationship. In testing, the predicted
values of the neural network were compared with the actual values. They showed
excellent uniformity. The heatmap displayed data concentrated near the diagonal
in all divided intervals, confirming the close proximity of the predicted and actual
values, demonstrating decent accuracy (Figures 6J and 6K). This suggests that
the OE-skin can be combined with advanced methods like neural networks to bet-
ter facilitate human-machine interactions.

Additionally, OE-skin can meet the needs of fully wireless electronic skin in a
simple and cost-effective manner. Figure S13 illustrates a simulated circuit dia-
gram for the wireless scenario. In this configuration, the OE-skin is connected in
series with a miniaturized power source (such as a button battery with a diameter
of less than 5 mm) and a simple wireless transmission component, eliminating
the need for bulky current meters or similar devices. The aforementioned wire-
less transmission components, such as buzzers, LED light sources, or other Blue-
tooth, Wi-Fi, and other wireless modules, can all be within a few millimeters in size
and can be worn directly on the human body. At this point, the OE-skin’s electrical
signals are easily converted into wireless acoustic volume, optical brightness, or
other radio signals, thus rendering it wireless. For example, Figures 6B and 6C
demonstrate its ability to drive a tandem LED light with a 3 V voltage source,
with the brightness directly reflecting changes in the resistance of the OE-skin.
The reflection peaks of structural colors can also be read wirelessly. We designed
the color change range in the visible light spectrum, facilitating direct observation
with the naked eye (Figures 6B and 6C). Furthermore, the color of specific pixel
blocks can also be recorded through a camera and converted into wavelength
information using formulas. We believe that this wireless design can be further
complemented by artificial intelligence methods, as shown in Figures 6H-6K,
thereby endowing the OE-skin with more accurate and convenient usage
methods.

The practicality of the OE-skin, benefiting from dual-modal signal monitoring,
on-demand adhesion, and biocompatibility, was validated in various scenarios.
The OE-skin was adhered to the skin of various joints in the human body. For
example, when applied to the wrist, it could monitor stable signals over more
than 100 motion cycles (Figure S12). The entire monitoring process was contin-
uous and precise, without any breakage or loosening of the OE-skin. Detailed dis-
plays of 20 motion cycles detected on the fingers, wrist, elbow, and knee all
yielded stable and reliable signals (Figure 6L). Video S5 further demonstrates
the OE-skin's activity along the most flexible joints of the human body, such as
finger joints. These positive demonstrations indicated that the proposed OE-
skin is promising as a new generation of flexible platforms for precise, stable,
and wide-range multimodal biological information sensing.

CONCLUSION

In summary, inspired by natural biology, we designed and integrated a conduc-
tive adhesive hydrogel with a PU inverse opal film to develop a novel flexible OE-
skin with on-demand adhesion and synergistic opto-electronic sensing functions
through decoupled visual changes. The device exhibits vibrant structural colors
due to the inverse opal structure of PU. Additionally, the presence of CNTs en-
dows the device with sensitive electrical sensing. Using responsive biomimetic
hemispherical arrays and molecular adhesion, the OE-skin achieves firm, on-de-
mand, and reusable adhesion, which can be controlled by NIR irradiation for intel-
ligent manipulation. The mechanical properties and biocompatibility of the OE-
skin further lay a foundation for its robustness and safety in in vivo applications.
Moreover, as a dual-modal flexible device, the OE-skin can reflect decoupled body
temperature and motion information in real time through optical and electrical
signals. The in vitro and in vivo results demonstrate that the OE-skin has great
potential in the field.

REPORT

For the technological advancement and commercialization potential of the OE-
skin, the materials used, such as PU, PAAm, PNIPAm, and gelatin, are highly
industrialized, offering low cost and easy accessibility. The manufacturing pro-
cess does not rely on overly complex production machinery. We have validated
the reproducibility and stability of the preparation process under laboratory con-
ditions. In the future, we can further optimize preparation conditions, produce
larger micro-nano templates, and cut them post-molding to prepare more OE-
skin products at once, better meeting the demands of mass production. From
the perspective of integration with existing technologies, we have explored its
interaction capabilities with neural networks. It can be further combined with ex-
isting signal acquisition, transmission, and storage methods, for example,
coupling the device with Bluetooth modules for wireless electrical signal collec-
tion or integrating it with smartphone camera modules to directly read spectra
visually. Additionally, current technologies allow the development of mobile appli-
cations for online storage and analysis of the data collected by OE-skin. Hence,
the OE-skin might offer new possibilities for intelligent bio-flexible sensing for
vision-based physiological monitoring, medical diagnosis, human-computer in-
teractions, and more.

DATA AND CODE AVAILABILITY
All data are available in the main text or the supplemental information.
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