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ABSTRACT: Biological skin systems can perceive various
external stimuli through ion transduction. Especially, the skin
of some advanced organisms such as cephalopods can further
promptly change body color by manipulating photonic
nanostructures. However, the current skin-inspired soft
iontronics lack the rapid full-color switching ability to respond
to multiple stimuli including tension, pressure, and temper-
ature. Here, an intelligent chromotropic iontronics with these
fascinating functions is developed by constructing a biomimetic
ultrastructure with anisotropic electrostatic repulsion. This
skin-like chromotropic iontronics can synchronously realize
electrical response and optical visualization to mechanical strain
and tactile sensation by adjusting the ultrastructure in
cooperation with ionic mechanotransduction. Notably, it can perform instantaneous geometric changes to thermal stimuli
via an anisotropic electrostatic repulsion interior. Such a capability allows bionic skin to transduce temperature or infrared
light into ionic signals and color changes in real time. The design of anisotropic photonic nanostructures expands the
intelligent application for soft iontronics at higher levels, providing a concise, multifunctional, interactive sensing platform
that dynamically displays stimuli information on its body.
KEYWORDS: chromotropic iontronics, biomimetic skin, dynamic display, ultrastructures, multifunctional sensing

Biological skin transforms environmental information
into bioelectrical signals and transmits it to the nervous
system through ion transport across membranes

(Figure 1a), thus perceiving external strain, tactile sensation,
vibration, temperature, etc.1−6 Inspired by the ionic trans-
duction of biological skin, soft iontronics is developed for
artificial skin and flexible sensory systems as a successor of
flexible electronics, owing to its excellent biocompatibility, the
same ion language as biological systems, and realistic
simulation of biological functions.5,7−10 Besides bioelectrical
signal response, in particular, the skin of some animals (such as
tropical fishes,11 cephalopods,12,13 and reptiles14,15) can further
actively perceive the complex environment through color
change for communication, courtship, camouflage, and even
thermoregulation.16,17 For instance, cephalopod skin has
reflective plates periodically arranged inside iridophores to
form photonic nanostructures (Figure 1b) that are well known
as one-dimensional photonic crystals (1D PCs).18−23 This
ultrastructure interacts physically with incident light to
produce visualized structural colors.13,23,24 The cephalopods

can actively change color within several seconds to minutes by
regulating the refractive index and thickness (i.e., lattice
spacing) of the reflector. Simulating the color-switching
mechanism would impart the iontronics with dual-signal
response behavior, in which the ion signal offers precise
sensing capability and the color change provides visual
information, thus allowing for higher-level applications
including multifunctional sensing, visualized dynamic displays,
and direct intelligent interactions with users.25 Therefore, it is
of great significance to develop skin-like chromotropic
iontronics.
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By integrating electronically conductive carbon or silver
nanomaterials with chromotropic elements (e.g., electro-

chromic dyes, thermochromic dyes, mechanochromic
dyes),26−30 interactive electronic devices that can be switched

Figure 1. Illustration of a cephalopod-mimicking CIskin. (a) Schematic diagram of a biological ionic sensory system based on ion transport.
Adapted with permission from ref 5. Copyright 2020 Wiley-VCH. (b) Image of a rapidly color-changing cephalopod with photonic
nanostructures. Adapted with permission from ref 23. Copyright 1990 Springer-Verlag. (c) Illustration of a biomimetic skin with
multifunctional visual sensing.

Figure 2. Preparation of ICPH. (a, b) Structural formula of the original (a) and protonated (b) C12DMAO molecule. (c, d) Schematic
diagram (c) and thickness (d) simulated by Materials Studio of the C12DMAO bilayer. (e) Polymerizable monomers DAAM and AAM used
for forming the hydrogel. (f) Schematic illustration showing the preparation process of ICPH. (g, h) Swelling ratio (g) and the
corresponding reflection spectra (h) of hydrogels prepared with different cross-linker contents. (i) Ionic conductivity of hydrogels after
soaking in NaCl solutions with different concentrations. (j) Photographs of ICPH with different structural colors at 20 °C. Scale bar is 1 cm.
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between two color states have been developed for strain and
tactile sensing. However, it is difficult for them to continuously
visualize the intermediate motion states. To address this
challenge, we and other researchers employed flexible PCs as
optical elements to realize full-color switching in the visible
region.31−33 Despite great advances, the carriers in those
devices are electrons and holes, which are difficult to
seamlessly communicate with biology due to fundamental
difference in information transduction principles of natural
skin.3,4,34 Meanwhile, easy aggregation of conductive materials,
uncertain biotoxicity, and undesirable electrochemical reac-
tions with the tissue interface further limit their application in
visualized human−machine interfaces.6,9,35 Therefore, it is
highly desirable to develop chromotropic ionic skin (CIskin)
that fully mimics the ion transduction and the photonic
nanostructures of organisms for tension and pressure sensing
and synergistic visualization reporting on its body.
PCs based on a hydrogel matrix (photonic hydrogel),

combined with electrolyte salts, provide the potential to serve
as ideal candidates for CIskin. The intrinsic stretchability of
hydrogels allows them to change color in response to
mechanical forces by varying the lattice spacing.36 At the
same time, their interconnected microporous network
structure and high water content offer an excellent environ-
ment for ion transport. Unfortunately, the preparation of PCs
with ionic conductivity characteristics and their application in
skin-like iontronics are rarely reported. On the other hand, it is
very meaningful to realize multiple visual sensations besides
mechanical stimuli. For instance, temperature sensing is a vital
function that enables organisms to avoid tissue damage caused
by supercooling or overheating. However, it remains a huge
challenge because traditional temperature-sensitive PCs exhibit
slow color-changing behavior, which is difficult to match the
electrical signal response speed of ionic skin.37−39 Hence, it is
imperative to design a class of ultrafast thermochromic
photonic hydrogels to visualize the temperature in real time.
In addtion, biomimetic skins should be able to perceive light as
an extension of perception, especially infrared light (IR), which
cannot be observed with the naked eye. Due to radiative heat
transfer, organisms are easily burned when exposed to strong
IR light; thus, the color sensing of IR light would provide an
early visual warning and greatly avoid the above risk. As far as
we know, demonstration of a rapidly color-switching
biomimetic CIskin that can interactively sense tension,
pressure, temperature, and IR light has not been achieved.
In this paper, mimicking the ultrastructures of cephalopod

skins, we report a facile but robust design strategy to develop a
multifunctional sensing CIskin with optical and ionic dual-
signal output synchronously (Figure 1c). The key is to
construct a photonic nanostructure with anisotropic electro-
static repulsion inside a thermal-induced permittivity-switch-
able hydrogel using surface-charged 2D nanomaterials. First,
protonated surfactant molecules are self-assembled into
positively charged 2D bilayer lamellar structures to simulate
the reflective plates in iridophores. Then, they are periodically
embedded into a cross-linked hydrogel matrix to form the
anisotropic liquid crystal photonic hydrogels to produce
reflection color.36,40,41 Meanwhile, ions (e.g., Na+, Cl−) are
introduced between the 2D bilayers to emulate the
bioelectrical signaling species of skin. Finally, an artificial
ionic sensory system based on the above-mentioned ionic-
conductive photonic hydrogels (ICPHs) is constructed as
biomimetic CIskin. This reasonable material design ensures

that tension or stress can change its ion conductivity and lattice
spacing synchronously, thus generating electrical and color
changes. More importantly, there is an anisotropic electrostatic
repulsion inside the unusual photonic nanostructure. By
altering the repulsion force through the thermal-induced
permittivity switching, the geometry of the ICPH can produce
timely anisotropic deformation, realizing ultrafast color switch-
ing from red to blue (∼0.1 s) and visually monitoring invisible
temperature stimuli in real time. In addition, with the virtue of
this advantage, our biomimetic skin further demonstrates dual-
signal response capability to IR light through a photothermal
effect.

RESULTS AND DISCUSSION
Preparation of Ionic-Conductive Photonic Hydrogels.

The reflective plates of ICPHs are constructed using N,N-
dimethyl-1-dodecylamine N-oxide (C12DMAO) as a building
element. C12DMAO is an amphoteric surfactant (Figure 2a),
which can self-assemble into 2D bilayer plate structures and
subsequently form lamellar liquid crystals in water, in the
presence of a small amount of cosurfactant n-hexanol.42 Owing
to protonation of the aminoxide group by water, the
C12DMAO bilayers are positively charged (zeta potential,
∼6.2 mV, Figure 2b,c). The distance between these bilayers
reaches hundreds of nanometers under electrostatic repulsion,
thus giving rise to bright structural color via Bragg diffraction
(Figure S1a). The thickness of the bilayer is approximately 3.6
nm estimated by Materials Studio software (Figure 2d).43 The
transmission electron microscope (TEM) image shows that the
bilayer can be up to micron size (Figure S1b). Typically,
polymerizable monomers (diacetone acrylamide, DAAM;
acrylamide, AAM; cross-linker N, N-methylene diacrylamide,
MBAA) were introduced into a C12DMAO solution, which was
slowly injected into a reaction cell composed of two parallel
glass plates (Figure 2e,f, Figure S2, Tables S1 and S2). The
bilayers were arranged parallel to the glass plates under shear
force.41,44,45 Then, these bilayers were fixed in a poly-
(diacetone acrylamide-co-acrylamide) (PDAAM-co-PAAM)
network by UV curing; C12DMAO photonic hydrogels were
obtained after soaking in deionized water. The small-angle X-
ray scattering (SAXS) spectrum does not show a series of
typical sharp scattering peaks at the scattering vector (q) ratio
of 1:2:3 (Figure S3), indicating that the bilayers are on the
order of short-range rather than long-range in the network.46,47

Finally, we successfully prepared ICPH by introducing ions
between bilayers through immersing in a NaCl solution.
Here, we controlled the swelling degree of the hydrogels by

adjusting the cross-linker MBAA concentration (Table S2 and
Figure S4) and obtained a series of hydrogels with different
structural colors from red to blue. The reflection wavelength λ
is given by the following Bragg equation:

λ θ= nd2 sin (1)

in which n, d, and θ represent the effective refractive index, the
lattice spacing, and the incidence angle,31,41 respectively.
Therefore, with the increase of cross-linker, the expansion
degree (swelling ratio) of hydrogels along the thickness
direction decreased gradually, resulting in a decrease of bilayer
spacing d and thus a decrease in reflection wavelength λ
(Figure 2g,h and Figure S5). The introduction of Na+ and Cl−

ions improves the conductivity of ICPH significantly, as shown
in Figure 2i. As the concentration of NaCl solution increased
(from 1 wt % to 4 wt %), the conductivity was enhanced
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gradually (from 0.72 s m−1 to 1.88 s m−1). However, an overly
high concentration of NaCl solution causes dehydration and
volume shrinkage of the hydrogel matrix because of high
osmotic pressure (Figure S6). Considering the relatively high
ionic conductivity and stable structural color, the ICPH
prepared in 2 wt % NaCl solutions was used as a sensing
element for subsequent tests. Correspondingly, a series of
ICPHs with bright structural colors are demonstrated, as
intuitively shown in Figure 2j.
Optical and Electrical Properties of ICPH under Strain

and Pressure. For biomimetic skins, high tensile properties
are essential to accommodate arbitrary bending and curved
surfaces and to avoid the mechanical damage under large
deformation. Figure 3a shows stress−strain curves of a series of
ICPHs. Since the hydrogel network gets denser with increasing
cross-linking density, the tensile fracture strain decreases, while
the fracture stress enhances gradually.31,48 Typically, the red
ICPH has a relatively good tensile strain of ∼250%.
Continuous loading−unloading cycles demonstrate its ex-
cellent elasticity characteristic (Figure 3b). After a slight
hysteresis loop in the first cycle (from 0% to 100%), there is
almost no hysteresis in the subsequent cycle curves, suggesting
that the hydrogel can quickly recover to its initial state after

each stretching.7,47,49 The stretchability and excellent elasticity
of hydrogels are conducive to the dynamic reversible
mechanochromism in a large working range, thus realizing
the visualization of deformation and interaction with users.
To verify the dynamic color switching from red to blue, we

investigated the mechanochromic performance of the red
ICPH under tensile and compressive deformations. When the
uniaxial tensile strain increases from 0% to 100%, the reflection
wavelength λ of the red ICPH shifts continuously from 643 to
465 nm, as intuitively displayed in Figure 3c,d. During
stretching, the thickness along the observation direction that
is perpendicular to the tensile plane shrinks. Therefore, the λ
blue-shifts with decreasing of d according to Bragg eq 1,31 as
shown in Figure 3e. At the same time, the relative resistance
(ΔR/R0 = (R − R0)/R0, where R0 is the initial resistance and R
is the test resistance) increases gradually because of the
increase in the ion transport distance and decrease in the cross-
section area34 (Figure 3f). Moreover, an analogous blue-shift
phenomenon was also presented when the ICPH was
compressed, as displayed in Figure 3g,h and Figure S7.
Movie S1 records the dynamic change in structural colors
during cyclic compression. It is noteworthy that green digital
“1−9” patterns appear clearly when a sample was pressed with

Figure 3. Mechanical, optical, and electrical properties of the ICPH. (a) Stress−strain curves of ICPH prepared with different cross-linker
contents. (b) Continuous loading−unloading curve of ICPH at 100% uniaxial tensile strain. (c−f) Photographs of color-switching behavior
(c), tensile strain-dependent reflection spectra (d), mechanism illustration (e), and relative resistance change (f) of a red ICPH during
stretching. Scale bar in (c) is 1 cm. (g, h) Compressive strain-dependent photographs (g) and reflection spectra (h) of a red ICPH during
compressing. Scale bar in (g) is 1 cm. (i, j) Schematic diagram and photographs showing the color changes induced by the convex letters
superimposed with a uniform (i) and a gradient stress field (j). Scale bars are 1 cm.
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convex seals, respectively (Figure 3i). This result indicates that
the ICPH could visually identify the shape and location of the
pressure source. Particularly, the gradient color change (letters
“DUT”) in response to the gradient strain demonstrated the
ability to record a complex spatial distribution of pressure
(Figure 3j).
Thermal Response Characteristics of ICPHs. ICPHs

exhibit not only excellent mechanochromic properties but also
sensitive and ultrafast temperature responsiveness. Traditional
temperature-sensitive photonic hydrogels regulate color by

swelling/deswelling of the hydrogel matrix, in which the
response time is slow (several minutes to several hours) and
increases with volume squared.37−39,50,51 In sharp contrast, our
ICPHs display ultrafast color-switching capability in response
to temperature, which is critical for visually monitoring
temperature in real time. For example, the reflection
wavelength of the green sample (550 nm at 26 °C) blue-
shifts to 467 nm at 6 °C, while gradually red-shifting to 677 nm
at 36 °C (Figure 4a). The reflection wavelength varies
continuously and rapidly from red to blue (Figure 4b and

Figure 4. Thermal response mechanism and optical/electrical signal changes of ICPH. (a) Reflection spectra of the ICPH at different
temperatures. Insets are the corresponding photographs of structural color. (b) Dynamic change of the reflection spectra with time from
∼10 °C to ∼40 °C. (c) Temperature-dependent change of the electrostatic permittivity of the PDAAM-co-PAAM hydrogel at a frequency of
10 kHz. (d) Mechanism illustration showing the anisotropic volume change and thermochromism regulated by electrostatic repulsion. (e)
Schematic diagram and static microscope images of anisotropic volume change during the heating/cooling cycle (20−40 °C). Scale bar is 1
mm. (f) Relative resistance change of the ICPH at different temperatures. Inset is measured values of the resistance. R0 is the resistance value
at 25 °C. (g) Schematic diagram and relative resistance changes perceiving the temperature of a water drop (30 μL). During the test, a
polyethylene film (thickness, 10 μm) was covered on the sample (22 mm × 12 mm × 2.1 mm) to prevent direct contact between the sample
and the water drop. The ambient temperature is 25 °C.
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Figure S8). In particular, Movie S2 indicates that the ICPH
exhibits a response time as short as ∼0.1 s from blue to red
under a large temperature difference, much faster than
conventional counterparts based on a swelling/deswelling
mechanism via mass diffusion. This ultrafast thermal response
speed endows the ICPH with visual real-time temperature
monitoring, timely warning, and avoiding damage from high or
low temperatures. We attribute this ultrafast response to the
anisotropic electrostatic repulsion mechanism between pos-

itively charged bilayers. The potential energy (P) of an
electrostatic repulsive force between bilayers is given by the
following relationship:

ε
∝ −

i

k
jjjjj

y

{
zzzzzP

Cd
T

exp
r (2)

in which C is a constant, d represents the lattice spacing, εr
denotes the electrostatic permittivity of the hydrogel matrix,

Figure 5. Sensing behavior of biomimetic CIskin to mechanical force. (a) Schematic diagram and two simplified equivalent circuits of the
ionic sensory system. (b) Reversible changes in relative resistance and reflection wavelength with strain. (c) Relative resistance changes at
different strains. (d) Self-recovery time of the relative resistance signal from 100% to 0%. Insets are schematic diagrams of the device under
100% and 0% strain, respectively. (e) Relative resistance changes with different tensile frequencies at 100% tensile strain. (f) Reflection
wavelength of the device after different stretching/releasing cycles at 100% strain. (g) Change of relative resistance during 10 000
stretching/releasing cycles at a frequency of ∼1 Hz and a strain of 75%. (h) Mechanism illustration of capacitance change. (i) Reversible
changes in relative capacitance and reflection wavelength with compressive stress. (j) Relative capacitance curve under stepwise compressive
stress. (k) Relative capacitance changes at different compressive stress. (l) Change of relative capacitance during 300 cycling tests at a
frequency of ∼0.25 Hz and a pressure of 1.7 kPa.
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and T is the temperature.52 As shown in Figure 4c,d, the
electrostatic permittivity εr of the hydrogel matrix (PDAAM-
co-PAAM) increases with rising temperature T, leading to the
enhancement of electrostatic repulsion between bilayers,52,53

thus enlarging their spacing. This microscopic electrostatic
repulsion caused a macroscopic increase of hydrogel thickness
D (perpendicular to bilayers) and a decrease of length L and
width W. As a result, the structural color has a red-shift. The
phenomenon can also be confirmed by the shift of the
scattering peak to the low-q regime in the SAXS profile, which
indicates the increased bilayer spacing (Figure S9). Besides,
such anisotropic deformation is reversible without external
water uptake and release during heating/cooling, as demon-
strated by optical microscope observation (Figure 4e, Movies
S3 and S4, and Figure S10). In contrast, the pure PDAAM-co-
PAAM matrix does not exhibit uniaxial expansion or
contraction under the temperature change (Figure S11 and
Movie S5), further supporting the above anisotropic electro-
static repulsion mechanism. We believe this mechanism
provides an innovative route for the development of fast
temperature responsive PCs.
The resistance of the ICPH decreases accompanying the

red-shift of structural color with increasing the temperature,
due to the increase of ionic mobility and the anisotropic
deformation. Resistance can be expressed by the following
equation:

= i
k
jjj

y
{
zzzR C

Q
KT

L
A

exp
(3)

in which C, Q, K, L, and A denote the fitting constant, the
activation energy, the Boltzmann constant, the length of the
hydrogel, and the cross-sectional area of the hydrogel,54

respectively. Assuming that the volume of the ICPH remains
constant at different temperatures (that is, volume = LA =
L0A0), the formula of relative resistance variation can be
derived from eq 3:

Δ = − −
i
k
jjjjj

y
{
zzzzz
i
k
jjjjj

y
{
zzzzz

R
R

Q
KT

Q
KT

L
L

exp 1
0 0 0

2

(4)

where R0 is defined as the resistance at 298 K, T is the test
temperature, T0 is 298 K, L is the test length of the ionic
conductor, and L0 is the length of the ionic conductor at 298
K. It can be seen from the formula that the relative resistance is
related to temperature T and length L. With increasing T, the
anisotropic deformation occurs to the ICPH, resulting in the
decrease of L and thus the decrease of relative resistance.
Therefore, the temperature and the anisotropic deformation
together contribute to the reduction in resistance. Figure 4f
shows the change of relative resistance in the temperature
range of 0−50 °C. It is observed that the relative resistance
decreased exponentially with increasing temperature, implying
its high temperature sensitivity.55 This temperature sensitivity
even enables ICPH to respond to a water drop of different
temperatures. As shown in Figure 4g, different temperatures of
a droplet (0, 25, and 50 °C) produced corresponding relative
resistance changes, when the ICPH was originally at room
temperature (25 °C). Interestingly, the hydrogel can even
provide a noncontact electrical response to heat exhaled from a
human (e.g., mouth breathing, Figure S12).
Biomimetic Multifunctional and Self-Displaying Ionic

Sensory System. To obtain multifunctional biomimetic
CIskin, we constructed an ionic sensory system by sandwiching

a dielectric elastomer (Ecoflex00-30 doped with a small
amount of carbon black) between the ICPH and PAAM
hydrogel (Figure 5a and Figure S13).8,34 The ionic resistance
and capacitance can be obtained by connecting different
electrodes as shown in Figure 5a. Meanwhile, ICPH provides
optical signals and endows the system with a color-switching
capability, and the black dielectric elastomer prevents the
background color from interfering with structural color. The
ionic sensory system can respond to stretching through optical
and relative resistance dual signals. As shown in Figure 5b,
optical and relative resistance signals change linearly with
tensile strain and exhibit good reversibility. The mechano-
chromic sensitivity is ∼1.9 nm%−1 and the gauge factor (GF) is
∼1.4, indicating that users can perceive external tensile strain
via color and ionic signal changes simultaneously. Stable and
repeatable relative resistance signals of the ionic sensory
system under different strains reveal that the system can
recognize mechanical deformation of different amplitudes
(Figure 5c). In addition, the system has a fast response time of
∼200 ms (Figure 5d and Figure S14) under self-recovery
conditions, ensuring that the user can monitor deformation
movements in real time by the instrument and the naked eye.
Low-frequency dependence is also exhibited because of its
excellent elasticity (Figure 5e), implying stable output of the
signal under complex movement. In particular, there is almost
no drift in the reflection wavelength and relative resistance
change during 10 000 stretching/releasing cycles (Figure 5f,g),
showing excellent durability, repeatability, and long service life,
which are necessary for practical applications.
At the same time, the ionic sensory system displays tactile-

sensing capability through optical and relative capacitance
signals (Figure 5h). The capacitance (C) can be given by the
following equation:

ε ε=C
S
d0 r (5)

in which ε0 represents the vacuum dielectric constant, εr
denotes the relative permittivity of the dielectric elastomer, S
is the overlap area of two ionic hydrogels, and d is the
thickness of the dielectric elastomer.35 The capacitance of the
ionic sensory system varies due to the changes of area S during
compression (Figure S15), ignoring the change of d because
the compression modulus of the elastomer is much higher than
that of the hydrogel (Figure S16).34,35 With increasing
pressure, the hydrogels are continuously compressed and the
area S increases gradually, so the relative capacitance (ΔC/C0
= (C−C0)/C0, where C is the test capacitance and C0 is the
initial capacitance) enhances, while structural color blue-shifts
due to the decrease of lattice spacing, and the system recovers
its original state after removing the pressure (Figure 5i). The
changes of relative capacitance signals are stable and
reproducible for different pressures (Figure 5j,k). The relative
capacitance variation is almost consistent without obvious
degradation during 300 continuous cycling tests at ∼1.7 kPa
and a frequency of ∼0.25 Hz (Figure 5l), indicating the good
reliability of this biomimetic skin in tactile sensing. In addition,
two layers of VHB (4905, 3M) were attached to the top and
bottom of the sensor to limit the volatilization of water in the
hydrogels (Figure S17).6,8,34

Applications as a Multifunctional Biomimetic Skin
with Interactive Ability. As a proof-of-concept experiment,
we demonstrate the application of an ionic sensory system as a
cephalopod-like biomimetic skin in a personalized prosthesis,
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which can sense external stimuli such as strain, tactile
sensation, temperature, and IR light. As shown in Figure 6a,
the device is attached to index finger of a prosthetic hand to
monitor bending movement. As the finger stepwise bends, the
reflection wavelength decreases and the structural color blue-
shifts (Figure 6b,c and Movie S6). Synchronously, the relative
resistance signal presents a stepwise upgrade, indicating that
the biomimetic skin can precisely recognize the bending of the
finger (Figure 6d). In addition, the device provides repeatable
and stable relative resistance signal changes, regardless of the
bending frequency (Figure 6e). The above results prove that
the biomimetic skin can not only accurately record and
recognize the motion state through electrical signals but also
continuously and quantitatively visualize the motion informa-
tion via colors. Analogous electrical and optical signals can also
be obtained when the device is attached to a human index

finger (Figure S18 and Movie S7). Furthermore, the device is
attached to the back of a prosthetic hand to act as artificial
skin. It can not only sense the external pressure but also
identify the shape, position, and spatial distribution of the
pressure source by displaying optical information. As shown in
Figure 6f and g, when the pressure sources with different
shapes (square, diamond, and ellipse) are applied, the
capacitance response is presented in real time. The shape,
location, and stress distribution can be shown by regional color
changes (e.g., square, diamond) and gradient distribution (e.g.,
ellipse). Compared with conventional complex flexible sensors
based on arrays, such an ability greatly simplifies the
construction of the device and imparts a visual information
display, thus realizing direct interaction with the user.
With the virtue of the ultrafast thermal response character-

istic of ICPH, the biomimetic CIskin can further be used for

Figure 6. Applications of the biomimetic CIskin in strain and tactile sensation. (a) Schematic diagram monitoring joint movement of the
index finger. (b−d) Reflection spectra (b), photographs (c), and the corresponding relative resistance (d) of the biomimetic skin attached to
a finger under stepwise bending. Insets reflect side-views of the finger. (e) Real-time relative resistance changes sensing finger bending
behavior at low (0.5 Hz) and high (2 Hz) frequencies. (f, g) Schematic diagram showing tactile sensation (f) and relative capacitance
responses (g) to different pressure sources. Insets show the corresponding structural color changes.
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interactive temperature sensing. Here, we use the green ICPH
(25 °C) to construct an ionic sensory system to perceive
temperature to achieve the thermochromic function from red
to blue. As shown in Figure 7a−c, our device exhibits the
differences of relative resistance and optical signals on a
prosthetic and human hand, respectively, because of the
different body temperature. Moreover, the biomimetic skin can
quickly sense the temperature of a contacted object and timely
provide feedback to users, which is conducive to avoiding the
harm of uncomfortable temperature to the human or

prosthesis. For instance, the device is used as a sensory cell
of the prosthesis to touch objects with different temperatures
(Figure 7d). When it is gently in contact with low-temperature
(5 °C) and high-temperature (38 °C) objects, the structural
color switches to blue and red, respectively (Figure 7e). On the
contrary, there is no change when it encounters an object at
the same temperature (25 °C). At the same time, the relative
resistance changes in a corresponding trend in response to the
temperature change (Figure 7f). Furthermore, the biomimetic
skin displays optical and electrical responses to IR light

Figure 7. Applications of the biomimetic CIskin in temperature and IR light sensing. (a−c) Photographs and infrared images (a), reflection
spectra (b), and relative resistances (c) of the biomimetic skin pasted on a prosthetic and human hand, respectively. R0 is the resistance value
at 25 °C. (d) Schematic diagram showing the device as a sensor cell touching objects with different temperatures. (e, f) Structural color
changes (e) and relative resistance responses (f) of the sample after touching objects with different temperatures. (g) Mechanism illustration
showing IR light response. (h) Structural color and temperature changes of the biomimetic skin irradiated by IR light (0.3 w/mm2) for 2 s.
Top is the photographs of the sample before and after IR irradiation, and bottom is the corresponding infrared images. Scale bar is 1 cm. (i)
Reflection spectra of the sample before and after IR irradiation in (h). (j) Continuous change in the reflection spectra during recovery after
IR light removal. (k) Relative resistance response periodically irradiated by IR light.
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through the photothermal effect. As demonstrated in Figure 7g
and Movie S8, the skin is heated when exposed to a 980 nm IR
light, resulting in an increase in the bilayer spacing and a red-
shift of the structural color. For example, we used IR light to
irradiate a sample for 2 s, the temperature of the irradiation
area increased rapidly from 18 to 38 °C, along with the red-
shift of the structural color from 460 to 650 nm (Figure 7h,i).
After irradiation removal, its structural color returns to the
original state via heat dissipation (Figure 7j). Expectedly, the
relative resistance of the sample irradiated by IR light will also
decrease due to temperature rise. As shown in Figure 7k, the
electrical output signal changes periodically with the periodic
irradiation. Our CIskin can differentiate different stimuli by
comparing the changes in color and capacitance. It can be seen
from Figure S19 that when the device is subjected to different
external stimuli, its color can be switched from red to blue.
However, the capacitance change caused by a stretching
stimulus is ∼100%, and that caused by compression is only
∼19%, while the temperature hardly leads to a capacitance
change (see the detailed description in the Supporting
Information). In addition, our device acts as an interactive
CIskin, the change and spatial distribution of structural color
can provide the basis for stimulus recognition.33 For example,
when the finger is bent, the tensile strain at the joint is the
largest and the overall color presents a gradient change at the
joint (Figure 6c, Figure S18b, Movies S6 and S7). When the
color of a certain area is blue-shifted and the surrounding area
does not change, the stimulus is pressure (Figure 6g). When
the ambient temperature is changed, the color of CIskin shows
an overall change (Figure 7a). On the other hand, the color of
a certain area has a radioactive red-shift due to the conduction
of heat to the surrounding area, which indicates that the
stimulus is IR light (Figure 7h). The above discussion indicates
that our biomimetic CIskin provides a self-displaying platform
that could report diverse external stimuli and achieve visual
interaction with users in real time.

CONCLUSION

In conclusion, by fully mimicking cephalopod skin, we have
successfully demonstrated a CIskin with quadruple sensory
abilities (strain, tactile sensation, temperature, and IR light)
based on a multifunctional ionic-conductive photonic hydrogel
with anisotropic electrostatic repulsion. The ICPH is
developed by embedding artificial reflective plates (charged
C12DMAO 2D bilayers) in a permittivity-switchable PDAAM-
co-PAAM matrix, which provides bright structural colors
derived from Bragg diffraction. The biomimetic skin is capable
of producing rapid, reversible resistance signal variation and
continuous color switching from red to blue under tensile
strain, which accurately records the joint movements of a
prosthesis and the human body, and achieve visual
quantification by real-time color transduction. Furthermore,
our CIskin displays dual-signal reporting characteristics for
tactile sensation, achieving a self-displaying spatial distribution
of the pressure. More importantly, our biomimetic skin
possesses an ultrafast optical response to thermal stimuli
(∼0.1 s) through the anisotropic electrostatic repulsion
mechanism between positively charged bilayers, enabling
timely visual capture of temperature and IR light. We believe
that this work provides general inspiration for visualization and
smart interaction of soft iontronics to multiple stimuli, which
would expand its application with higher-level functionality in

smart prosthetics, wearable flexible devices, soft intelligent
robots, human−machine interfaces, and other fields.

METHODS
Materials. A C12DMAO (30 wt %) solution in H2O was

purchased from J&K Chemicals. AAM, DAAM, n-hexanol, MBAA,
photoinitiator diphenyl (2,4,6-trimethylbenzoyl)phosphine oxide
(TPO), and 2-hydroxy-2-methylpropiophenone (1173) were pur-
chased from Aladdin Chemical Co. Ecoflex 00-30 was purchased from
Smooth-On, Inc.

Preparation of Ionic-Conductive Photonic Hydrogels. First,
C12DMAO (60 mg), n-hexanol (85 mg), DAAM (0.5 g), AAM (0.25
g), MBAA (2−12 mg), and TPO (2.5 mg) were added into deionized
water (5 mL). After ultrasonic treatment (20 min), the precursors
were kept at ∼15 °C. Second, 1 mm thick double-adhesive tape was
sandwiched between two glass plates to form a reaction cell.
Subsequently, the precursor was injected into the reaction cell and
then photocured with a 365 nm UV lamp (12 W) at 15 °C for 5 min.
Then, the obtained hydrogel was immersed in deionized water for 3
days to achieve swelling equilibrium and unreacted chemicals were
washed away, showing a bright structural color. Finally, the ICPH was
obtained by soaking the above hydrogel in a NaCl aqueous solution
(1, 2, 3, and 4 wt %) for 24 h to introduce conductive ions. NaCl
content in ICPH can be measured by ion chromatography (Figure
S20).

Preparation of the PAAM Ionic Hydrogel. First, AAM (720
mg), MBAA (2 mg), and photoinitiator 1173 (2.5 mg) were dissolved
in deionized water (5 mL). Then, the precursor was injected into the
sandwiched reaction cell (thickness, 0.5 mm), followed by UV
photocuring for 5 min. Ultimately, the PAAM ionic hydrogel was
obtained by immersing in a 2 wt % NaCl solution for 24 h.

Construction of the Biomimetic Ionic Sensory System. First,
parts A and B of Ecoflex 00-30 were mixed at a mass ratio of 1:1; then
0.5 wt % carbon black was added and stirred for 10 min. The obtained
precursor was poured into a concave groove with a wall height of 0.5
mm. The dielectric elastomer was obtained after curing for 4 h at
room temperature. Second, ethyl cyanoacrylate adhesive was
dispersed in cyclohexane (mass ratio 1:5) as an adhesive dispersion,56

which was applied on the dielectric elastomer surface. Finally, the
biomimetic skin was obtained by gluing the ICPH and PAAM
hydrogels onto both sides of the elastomer, respectively. In order to
ensure the effectiveness of the biomimetic skin during compression,
the area of the elastomer was much larger than that of the ICPH and
PAAM hydrogels.

Characterization and Measurements. The TEM image was
taken by a HT7700 EXALENS. The SAXS measurement of the ICPH
was carried out using a NanoSTAR instrument at the Testing Center
of Yangzhou University. The normal-incidence reflection spectrum
and the changes in light reflection intensity at a specified wavelength
were obtained using a PG2000-Pro fiber-optic spectrometer
(Shanghai Ideaoptics Corp., Ltd.). All digital images are taken
vertically. The mechanical tensile/compression tests were carried out
by a universal testing machine (PT-305, Dongguan Precise-Test
Equipment Co., Ltd.). Tensile and compression rates were 20 and 1
mm/min, respectively. Compressive stress is defined as the applied
force divided by the area of the undeformed ICPH. The repeat
stretching/releasing test was performed by a homemade cyclic tensile
tester with adjustable frequency. Two layers of VHB (thickness, 0.5
mm) were attached to the top and bottom of the sensor to prevent
water evaporation during the test.8 Resistance and capacitance
measurements were performed using an LCR meter (TH2833) with
a voltage of 1 V and a sweep frequency of 1 kHz. Movies and static
images of the anisotropic volume changes of hydrogels were
photographed by a metallographic microscope (MIT300/500,
Cnoptec). Infrared images were taken by a thermal infrared imager
(TiS75, FLUKE). Zeta potential was measured by a Zeta potential
analyzer (ZS90).
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