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Environment-Interactive Programmable Deformation of
Electronically Innervated Synergistic
Fluorescence-Color/Shape Changeable Hydrogel Actuators

Junni Xie, Shuxin Wei, Wei Lu,* Shuangshuang Wu, Yi Zhang, Ruijia Wang, Ning Zhu,*
and Tao Chen*

Utilization of life-like hydrogels to replicate synergistic shape/color
changeable behaviors of living organisms has been long envisaged to produce
robust functional integrated soft actuators/robots. However, it remains
challenging to construct such hydrogel systems with integrated functionality
of remote, localized and environment-interactive control over synergistic
discoloration/actuation. Herein, inspired by the evolution-optimized
bioelectricity stimulus and multilayer structure of natural reptile skins,
electronically innervated fluorescence-color switchable hydrogel actuating
systems with bio-inspired multilayer structure comprising of responsive
fluorescent hydrogel sheet and conductive Graphene/PDMS film with
electrothermal effect is presented. Such rational structure enables remote
control over synergistic fluorescence-color and shape changes of the systems
via the cascading “electrical trigger-Joule heat generation-hydrogel shrinkage”
mechanism. Consequently, local/sequential control of discoloration/actuation
are achieved due to the highly controllable electrical stimulus in terms of
amplitude and circuit design. Furthermore, by joint use with acoustic sensors,
soft chameleon robots with unprecedented environment-interactive
adaptation are demonstrated, which can intelligently sense environment
signals to adjust their color/shape-changeable behaviors. This work opens
previously unidentified avenues for functional integrated soft actuators/
robots and will inspire life-like intelligent systems for versatile uses.
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1. Introduction

Many animals and plants in nature, like
cephalopods,[1] chameleons,[2] apricot
flowers,[3] are capable of synergistically
adapting their color and shape in dynamic
living environment for communication,
camouflage, and intimidation.[4] Such mar-
velous phenomena have inspired scientists
to merge the preferred color-changing
capacity into soft actuators for producing
ideal functional integrated soft robots (e.g.,
coexisting-cooperative-cognitive robots).[5]

Over the past five years, a variety of color
changeable soft actuators/robots were con-
structed based on polymeric hydrogels,[6]

organohydrogels,[7] polymer films[5a,8] and
biohybrid films.[9] Among them, polymeric
hydrogels have received tremendous in-
terest because of their hydrated soft wet
nature, biotissue-like mechanical proper-
ties and good biocompatibility,[10] which
makes synergistic color-shifting hydro-
gel actuators behave much more similar
to living organisms and thus own great
potential applications in soft robotics,[11]

artificial muscles,[12] biosensors,[13] and
microfluidic systems.[14] For instance, Tang
et al.[15] designed an aggregation-induced

emissive (AIE) hydrogel actuator showing synchronous varia-
tions in fluorescence color, brightness and shape in response to
a single pH stimulus for frontier uses in the field of 3D/4D print-
ing. We also have assembled the graphene oxide functionalized
poly(N-isopropylacrylamide) hydrogel and pH-responsive pery-
lene bisimide grafted hydrogel to fabricate an bilayer hydrogel
actuator with synergistic “on–off” fluorescence response,[16] fol-
lowed by further development of metal ions/solvent-responsive
multicolor-fluorescence hydrogel actuators to better mimic the
diverse discoloration behaviors of chameleons and octopi for
biomimetic camouflage and disguise applications.[17] These
advances have demonstrated the possibility of constructing
biomimetic synergistic color/shape changeable hydrogel sys-
tems, and paved the way for the fabrication of robust functional
integrated soft actuators/robots.

However, these coexisting synergistic color-shifting hydrogel
actuators/robots are primarily chemically driven (e.g., acid/base,
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metal ions, solvent).[18] These classic chemical stimuli usu-
ally have difficulty in remote/localized control and thus can-
not achieve the selective or sequential regulation of color/shape
changes,[19] let alone to construct the environment-interactive hy-
drogel systems that can intelligently sense environment signals
to adapt their color/shape changeable behaviors. This would hin-
der the performance of these actuators in complex tasks and
hence impede the potential application. As a comparison, the
chameleons have evolved to choose the remotely controllable bio-
electricity stimulus as the trigger to regulate their skin colors and
body gestures at all time in dynamic living environment. Interest-
ingly, they also own the self-sensing capacity for environmental
changes and then transmit nerve impulse (bioelectricity) to dic-
tate the localized response behaviors, for example, to selectively
regulate the synergistic color/shape changes of its certain part
(e.g., the tail), while keeping the shape and skin color of other
body parts unchanged.[20] These comparisons lead one to specu-
late that, if such natural electrical responsiveness was replicated,
it would significantly enrich the intelligence and functional in-
tegration of artificial color-changing hydrogel actuators. On one
hand, it is expected that localized and sequential control of dis-
coloration/actuation will be guaranteed by the highly controlled
electrical stimulus. On the other hand, compared with the classic
chemical or thermal stimuli, the electrical stimulus can provide
notable convenience for joint use with the existing acoustic/light
sensors or change-over switches,[21] leading to one promising av-
enue that the wonderful environment-interactive adaptation of
living organisms is unprecedentedly reproduced in artificial hy-
drogel actuators.

To replicate the electrically responsive color/shape changes
in nature, it is essential to understand the evolution-optimized
structure of soft wet reptile skin and the muscle beneath it
as well as the bio-electrically innervated control mode. Recent
anatomical and biological studies revealed the vertically arranged
multilayer structure of chameleon skins, in which each layer is
composed of different-colored pigment cells around with a ring
of innervated muscular cells[2,20a] (Scheme 1a). Upon reception
of environmental changes, nerve impulse (bioelectricity) was
generated and transmitted to induce muscular movement for
modulating the differential dispersion/aggregation of these
pigment cells, thereby causing the local skin color change.
Meanwhile, nerve impulse was also precisely delivered to
dictate localized deformation of muscle tissues beneath the
skin. In this way, selective and spatial control over synergistic
shape/color changeable behaviors are accomplished owing to
such rational multilayer structure design of natural reptiles
that facilitates efficient functional synergy of soft wet skin
and muscle bio-issues. Inspired from this, we have recently
developed a series of multicolor fluorescent polymeric gels[22]

and assembled them with soft electrothermal materials to
produce electrically-controlled fluorescence-color changing
polymeric gel systems for camouflage and information display
applications.[18,23] However, because of the weak supramolec-
ular interactions between polymer gel and soft electrothermal
layer in these systems, they failed to achieve the biomimetic
electrically-controlled synergistic fluorescence-color/shape
changeable hydrogel actuators, let alone to achieve the selec-
tive or sequential regulation of color/shape changes and the
environment-interactive hydrogel systems that can intelligently

sense environment signals to adapt their color/shape changeable
behaviors.

Herein, by further learning from the bioelectricity stimulus
and rational multilayer interlocking skin structure of natural
reptiles, we elaborately design electrically innervated synergis-
tic fluorescence-color/shape changeable hydrogel (ECC) actua-
tors. As schemed in Scheme 1b, the ECC actuators were spe-
cially designed to have the reptile skin-like multilayer struc-
ture consisting of the fluorescence-color changeable poly(HEMA-
DMAEMA-DAEAN-DEAN) (PH3D) hydrogel sheet and conduc-
tive Graphene/PDMS thin film that were bonded together by one
flexible adhesive layer via strong covalent and hydrogen-bonded
interactions.

The PH3D hydrogel consists of AIE-active blue-light-emitting
DAEAN fluorogens and chartreuse-light-emitting DEAN fluoro-
gens, as well as electron-rich tertiary amine group of copoly-
merized 2-(Dimethylamino)ethyl methacrylate (DMAEMA) moi-
eties, which allow competition between PET (photoinduced elec-
tron transfer) effect from DMAEMA to fluorogens, and AIE ef-
fect of fluorogens during dehydration process. This competition
would result in blue-to-chartreuse fluorescence color change. In
this way, upon applying voltage to the graphene film, Joule heat
was instantly generated and transferred across PDMS to induce
the shrinking of PH3D hydrogel, leading to the simultaneous
blue-to-chartreuse fluorescence color change and shape deforma-
tion of ECC actuator (Scheme 1c). Owing to the highly control-
lable electrical stimulus in terms of magnitude and circuit de-
sign, the electrically innervated ECC actuators further enabled
the joint use with existing change-over switches and acoustic sen-
sors, producing soft chameleon robots with selective and spa-
tial control over color/shape changes, as well as environment-
interactive adaptation (Scheme 1d).

2. Results and Discussion

2.1. Preparation of the Fluorescence-Color Changeable Hydrogels

The fluorescence color changeable poly(HEMA-DMAEMA-
DAEAN-DEAN) (PH3D) hydrogel was prepared by a ther-
mally induced free radical copolymerization of 2-hydroxyethyl
methacrylate (HEMA), 2-(dimethylamino)ethyl methacrylate
(DMAEMA) and a small quantity of Bis crosslinker, as well as two
fluorescent monomers, 4-(2-dimethylaminoethyloxy)-N-allyl-1,8-
naphthalimide (DAEAN) and 4-(N,N-dimethylaminoethylene)
amino-N-allyl-1,8-naphthalimide (DEAN) (Figures S1,S2 and
Note S1, Supporting Information). These two randomly copoly-
merized AIE-active DAEAN and DEAN fluorophores are known
to be blue- (≈442 nm) and chartreuse-light emitting (≈520 nm),
respectively (Figure S3, Supporting Information). Notably,
copolymerized DMAEMA moieties have electron-donating ter-
tiary amine groups, which were known to show potential pho-
toinduced electron transfer (PET) process to quench the flu-
orescence of these two fluorophores (DAEAN and DEAN).[24]

Nevertheless, the tertiary amine groups of the copolymerized
DMAEMA moieties could be protonated in acidic environment,
thus endowing the as-prepared PH3D hydrogel with controllable
swelling behaviors in aqueous CO2 solution and meanwhile hin-
dering the PET process between DMAEMA and fluorophores.[25]

Consequently, the reversible fluorescence-color changes were
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Scheme 1. Design of bioinspired electrically-powered hydrogel actuators with synchronous fluorescence-color and shape changing ability. a) Illustration
showing the vertical multilayer arrangement of several chromatophores (X, I, and M denote Xanthophore, Iridophores, and Melanophore) in chameleon
skin. b) Illustration of the ECC actuator with bio-inspired multilayer structure. c) Illustration showing the synergistic fluorescence-color and shape
changing process of the ECC actuator, as well as the proposed mechanism for fluorescence color changes. d) Illustration of an environment-interactive
artificial chameleon actuator capable of selectively adjusting its skin color and body shape upon the reception of different-decibel sound signals.

observed as its CO2-induced swelling/heat-triggered deswelling
proceeded. As can be seen from Figure 1a–d, the as-prepared
PH3D0 hydrogel with 97.53% water content exhibited only one
emission band ≈442 nm when excited at 365 nm and was thus
blue-light emitting. This is possibly because protonated DEAN
moieties can not tend to aggregate in PH3D0 due to electro-
static repulsion, thus leading to weak chartreuse fluorescence
intensity. When placed at 80 °C for 1 min to enable partial wa-

ter evaporation, the PH3D1 hydrogel with 91.77% water content
was obtained. Interestingly, its emission peak at 520 and 442 nm
was noticeably enhanced (1.64-fold and 1.47-fold), suggesting
the increased concentration and aggregation-induced emission
enhancement (AIE effect) of these AIE-active fluorophores in-
duced by dehydration (Stage I) (Figure 1c,d). After that, the
copolymerized DMAEMA moieties were gradually deprotonated
owing to the evaporation of CO2. As a result, the well-known
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Figure 1. Fluorescence-color switchable PH3D hydrogel. a) Photos of PH3D hydrogel taken during the dehydrated process (heated at 80 °C for 14 min)
and re-swelling process (immersed to saturated aqueous CO2 solution for 100 s) under a 365 nm UV lamp. b) CIE (1931) coordinate diagrams of
these dehydrated and re-swollen PH3D hydrogels. c) Fluorescence spectra (𝜆ex = 365 nm) of PH3D0 hydrogels that were recorded at different time
intervals after being heated at 80 °C. d) Fluorescence intensity at 442 and 520 nm, as well as intensity ratio at 520 to 442 nm as function of heating time.
e,f) 3D-fluorescence spectra (𝜆ex from 320 to 400 nm, 𝜆em from 420 to 570 nm) of PH3D0 (e) and PH3D3 (f) hydrogels. g,h) FT-IR spectra (g) and SEM
(h) images of these freeze-dried PH3D0 hydrogels after being heated (80 °C) at different time intervals.

photoinduced electron transfer (PET) between these fluo-
rophores and deprotonated dimethyl amino groups was activated
(Stage II). At this stage II, it seemed that the PET effect over-
whelmed the AIE effect, thus leading to the gradual fluores-
cence quenching (Figures S4,S5 and Notes 2,3, Supporting In-

formation). Interestingly, the chartreuse intensity of PH3D hy-
drogel was further enhanced after 10 min (Stage III), suggest-
ing that the AIE effect further overwhelmed the PET effect pos-
sibly due to the fact that most water had been evaporated from
the PH3D hydrogel. Nevertheless, the blue intensity of PH3D
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hydrogel was not enhanced at this Stage III. To elucidate this in-
teresting phenomenon, additional four polymer gels were pre-
pared (Figure S6, Supporting Information) and subject to sys-
tematical photophysical studies. As shown in Figure S7 (Support-
ing Information), it was found that PDMAEMA matrix showed
strong PET effect for both DAEAN and DEAN fluorophores
(Figure S7a–c, Supporting Information), while PHEMA matrix
showed selective fluorescence quenching for the DAEAN fluo-
rophore (Figure S7d–f, Supporting Information). This new find-
ing may explain why only the chartreuse intensity of DEAN flu-
orophore was enhanced at Stage III. More evidences for the
fluorescence-color variation of PH3D0 hydrogel before and after
dehydration were deduced from the excitation-fluorescence map-
ping measurements of PH3D0 and PH3D3 hydrogels. As shown
in Figure 1e, PH3D0 has two emission bands ≈442 and 520 nm
under excitation at 365 nm. After being dehydrated to PH3D3, its
blue emission band ≈442 nm disappeared accompanying with
dramatically enhanced chartreuse emission band ≈520 nm, in-
dicating that fully quenched blue fluorescence and remarkably
increased chartreuse fluorescence after dehydration. These re-
sults are consistent with the steady state fluorescence spectra
shown in Figure 1c. Importantly, the dehydrated chartreuse-light-
emitting PH3D3 (13.04% water content) hydrogel would fully
recover to its initially swollen state (PH3D0) with blue fluores-
cence after being immersed in aqueous CO2 solution for 100 s
(Figure 1a,b). To further elucidate this fluorescence-color chang-
ing mechanism, time-dependent Fourier transform infrared (FT-
IR) studies were carried out. In Figure 1g and Figure S8 (Support-
ing Information), the stretching bands at 3345 and 1633 cm−1

responding to the -OH groups and H-bond C = O groups exhib-
ited a blue-shift upon increasing heat time, accompanied by the
intensity reduction of these peaks.[26] Meanwhile, the bands at
2956, 2840 cm−1 related to stretching vibrations of C-H groups
were shifted to lower wavenumbers[27] (Figure S5, Supporting In-
formation). These results indicate the dissociation of hydrogen
bonds between PH3D and water molecules as the result of wa-
ter evaporation. Importantly, the characteristic band of C─N─C
bond (≈1280 cm−1) of PH3D was shifted to a lower wavenum-
ber as the heating time increased (Figure 1g), representing the
formation of hydrogen bonds between the tertiary amine and hy-
droxyl groups.[28] Besides, an increased absorption in the visible
light region was observed, indicating the gradual aggregation of
polymer chains (Figure S9, Supporting Information). More direct
evidences came from the cross-section surface morphologies of
these freeze-dried PH3D hydrogels that were recorded at differ-
ent time intervals during the heating process at 80 °C. As shown
in Figure 1h, their SEM images demonstrated that the polymer
chains were indeed brought into closer proximity with prolong-
ing heating time, which was in favor to activate the AIE process of
DEAN fluorogens, thus inducing blue-to-chartreuse fluorescence
color change.

2.2. Fabrication of Electrothermal Synergistic Fluorescence-Color
Changeable Soft Actuator

Electrically controlled fluorescence color-changeable (ECC) soft
actuators were then prepared by interfacially assembling the re-
sponsive fluorescence-color changeable PH3D hydrogel sheet

and conductive Graphene/PDMS thin film. As illustrated in
Figure S10a (Supporting Information), Graphene/PDMS film
was first obtained by transferring the stacked graphene as-
sembly (SGA) at water-air interface onto thin PDMS substrate
(≈200 μm).[29] For ensuring the stable interfacial bonding be-
tween PH3D hydrogel and Graphene/PDMS film, an adhesive
polymer layer containing acrylic acid-N-succinimide ester (AAc-
NHS-ester) was specially designed and grown on the PDMS sur-
face according to an interfacial polymerization method inspired
by the previous studies[30] (Figure S10b, Supporting Informa-
tion). Then, the ECC actuator could be facilely prepared, whose
interfacial multilayer structure was clearly depicted in the cross-
section SEM images. It was found that the PH3D hydrogel sheet
and conductive Graphene/PDMS thin film were closely glued to-
gether by the adhesive polymer layer (Figure 2a; Figure S11a,b,
Supporting Information). FT-IR studies of this middle adhesive
layer suggested that the C-N-C stretching peak at 1321 cm−1 as-
sociated to NHS ester moiety vanished, signifying its successful
covalent bonding with the PH3D hydrogel sheet via the esterifica-
tion reaction shown in Figure S12 (Supporting Information).[30a]

Meanwhile, the stretching vibration peak of -OH (≈3400 cm−1)
red shifted to a lower wavenumber, further indicating the en-
hanced hydrogen bonds between the PH3D hydrogel sheet and
middle adhesive layer. As such, the ECC actuators with stable in-
terlocking multilayer structures were obtained, which supplied
an excellent basis for further actuating studies.

Working principle of the ECC actuators with one end fixed
was then studied. As illustrated in Figure 2b, when applying volt-
age on its graphene film layer, Joule heat was generated owing
to electrocaloric effect and instantly transferred across PDMS to
the swollen PH3D hydrogel layer, resulting in gradual dehydra-
tion and shrinking of the hydrogel layer. Consequently, the free
end of this ECC actuator would gradually bend toward the hy-
drogel layer, accompanying with a distinct blue-to-chartreuse flu-
orescence color change. In this way, the electro-thermally pow-
ered synergistic shape and fluorescence color changeable behav-
iors were realized. Due to the highly controlled electrical stimuli
in terms of amplitude and duration, the surface temperature on
Graphene /PDMS film could be accurately adjusted by facilely
varying the thickness of graphene film, magnitude of voltage
or power-on time, providing solid foundation for precisely and
remotely regulating such synergistic actuating performances[18]

(Figure 2c; Figures S13–16a, Surppoting Information). As com-
pared in Figure 2d and Figure S16b (Supporting Information),
there was nearly no bending deformation within the first 4 min
after applying 6, 12, and 15 V voltage, while a large bending move-
ment was observed for the free end under the input of 20 V. Also,
much larger bending deformation was observed at 8 min for the
ECC actuator with 20 V input. This is because larger voltage in-
put was known to generate more Joule heat within the same du-
ration time. This speculation was consistent with the recorded
surface temperatures of these actuators (Figure S17, Support-
ing Information), which indicated that the surface temperature
quickly reached ≈120 °C within 4 min at 20 V and was much
higher than that recorded at 12 V or 15 V (≈45 oC). To quanti-
tate such voltage-dependent actuating processes, their bending
angles as a function of time were summarized in Figure 2e and
Figure S16c (Supporting Information). Obviously, both the ac-
tuating extent and speed of the ECC actuators were in positive
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Figure 2. Structure and working principle of the ECC actuators. a) Photo, Illustration and cross-section SEM image of the actuator. b) Illustration
showing the electro-thermally powered actuating process of the ECC actuator with one end fixed. c) Temperature recorded on the Graphene/PDMS film
as a function of the power-on time. d) Photos taken under a 365 nm lamp and corresponding IR images showing the electrically controlled fluorescent
color/shape changeable process of the actuator under the input of different voltage. e) Bending angle 𝜃 of these actuators as a function of the power-on
time at different voltages. f) Illustration and photos showing the structure and time-dependent actuating process of a cruciform ECC actuator under the
input of 15 V voltage.

correlation with the magnitude of input voltage, verifying the
high adjustability of electrical stimulus. As a comparison, the
synergistic shape/color changes of this actuator induced by nat-
ural water evaporation was characterized at room temperature
(≈27 °C). As shown in Figure S18 (Supporting Information),
this actuator could keep good stability within 30 min, but be-
gan to actuate after 35 min. Interestingly, the bending angle was

found to change nearly linearly with time. Meanwhile, noticeable
blue-to-green emission color changes were observed (Figure S19,
Supporting Information). Compared with the electrothermally
powered actuators (Figure 2d), the actuating behavior induced
by natural water evaporation at room temperature was much
slower because of the relatively slow water evaporation. Remark-
ably, the electrically powered synergistic shape and fluorescence
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Figure 3. Demonstration of bionic leaf-like ECC actuators. a,b) Photos showing the time-dependent deformation of the chameleon-like actuator under
the input of 15 V voltage (a) and the motion trajectory of its tail end (b). c) Illustration and the corresponding photos taken under the input of 5 V voltage
showing the electrically powered stepwise color/shape changes of Mimosa-like actuator. All photos were taken under a 365 nm UV lamp.

color changes could be fully reversed by further immersing the
ECC actuators into CO2 aqueous solution for 4 min (Figure S20.
Supporting Information). Further investigations suggested that
such reversible actuating processes triggered by sequential elec-
tric and CO2 stimuli could be held for at least 6 cycles (Figure
S21, Supporting Information) without significant performance
loss.

Considering the facile operation of the proposed interfacial as-
sembly strategy, a variety of electrically powered actuators with
customized shapes could be easily constructed. As a typical exam-
ple, one cruciform actuator was fabricated according to the struc-
ture design in Figure 2f. In this design, the non-responsive blue
luminous paint was placed in the middle area for serving as the
control to facilitate the observation of fluorescence color changes
in the hydrogel layer. The obtained actuator initially curled down-
ward with a blue fluorescence, but gradually flattened after apply-
ing voltage (15 V) for 4 min, and finally curled upward along with
a noticeable blue-to- chartreuse fluorescence color change after
prolonging the power-on time to 12 min (Movie S1, Supporting
Information). Following a similar way, one non-centrosymmetric
cruciform actuator was constructed and exhibited an analogous
movement mode (Figure S22, Supporting Information). Interest-
ingly, one spiral actuator also could be fabricated through assem-
bling PH3D hydrogel strips to Graphene/PDMS film at 45 de-
grees and gradually untied the spiral into straight strip upon ap-
plying 15 V voltage (Figure S23, Supporting Information).

2.3. ECC-Based Bionic Actuators

Many natural animals and plants show interesting shape changes
for better adaption to dynamic living environment. For exam-
ple, chameleons have evolved to exhibit responsive body shape
and skin color changes for communication, camouflage and in-
timidation. To mimic this interesting behavior, we constructed
a hydrogel chameleon by using a stripe-shaped ECC actuator as
the tail to integrate with the luminous paint body, whose struc-
ture and control circuit were illustrated in Figure 3a and Figure
S24 (Supporting Information). As expected, upon applying 15 V
voltage, its tail gradually and continuously curled up with in-
creasing power-on time. The trajectory of the end tail of this
chameleon was summarized in Figure 3b. Notably, this shape-
deformation process was accompanied with a visible emission
color change from blue to chartreuse (Movie S2, Supporting
Information).

In addition to animals, tree leaves can wilt/curl at high temper-
ature to prevent collapse. This intriguing behavior of natural tree
leaves inspired us to develop their artificial counterparts. As de-
picted in Figure S25 (Supporting Information), one bionic tree
was prepared by tethering several leaf-like ECC actuators onto
its branches, in which each leaf was connected with a circuit.
After applying a driving voltage of 10 V, these leaves gradually
curled over time due to the shrinking of PH3D hydrogel layer
induced by Joule heat of the graphene film beneath (Movie S3,
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Supporting Information). Taking the leaf indicated by a red cir-
cle in Figure S25 (Supporting Information) as an example, it ex-
hibited slight shape deformation within the initial 2.5 min when
the temperature was not high enough. But rapid curling upwards
into the wilting state was subsequently observed, as evidenced
by the motion trajectory in Figure S26 (Supporting Information).
Besides tree leaves, artificial Mimosa that can sequentially fold
up its leaves for self-defense against environmental interferences
has also been demonstrated by attaching eight leaf-like ECC actu-
ators to the same plastic stem. Figure 3c depicts its circuit design
which contained two individual switches (K1 and K2) to control
the upper four leaf-like actuators and the lower four ones, respec-
tively. When switch K1 was turned on to generate Joule heat, the
upper four leaves would be folded up (Figure 3c1,2). Subsequently,
the other four leaves would be triggered to gradually close after
turning on switch K2 (Figure 3c3,4). In this way, the unique se-
quential closure behavior of Mimosa leaves was fully replicated in
our electrically powered artificial systems by remotely and facilely
varying the electrical stimulus (Movie S4, Supporting Informa-
tion).

2.4. ECC Actuators with Local and Sequential Control Over
Shape/Color Changes for Environment-Interactive Adaptation

Soft actuators with such local and sequential shape/color control
hold great potential to perform complex tasks, but have hardly
been achieved owing to the difficulty in precise manipulation of
such traditional stimuli as pH or metal ions. Benefiting from
the highly controllable electrical stimulus in terms of amplitude
and duration, as well as its natural compatibility with the com-
mercial electric devices, we herein demonstrated one such ex-
ample through the joint use of our electrically powered synergis-
tic shape/color changeable actuator and a commercial universal
change-over switch (UCOS). Figure 4a depicted the designed sys-
tem and its customized circuit design. This stripe actuator with
one end fixed was equipped with four evenly distributed elec-
trodes that were connected with one specially designed UCOS.
Specifically, when the UCOS turned to switch 1, the graphene
film beneath part I of the actuator was powered on to gener-
ate the local Joule heat, which selectively induced the simulta-
neous bending deformation and blue-to-chartreuse fluorescence
color change of Part I (Figure 4a1-2, b1-2). Following a similar line,
the graphene film beneath part III and part II could be pow-
ered on successively by shifting the UCOS to switch 2 and 0 in
sequence. Consequently, synergistic color/shape changeable be-
haviors were observed first for part III and then part II of the
designed actuator (Figure 4a3,a4, b3–b5). Three distinct motion
trajectories after triggering Switch 1, 2 and 0 was summarized in
Figure 4c. In this way, the preferred sequential actuating behav-
iors were achieved by facilely varying the power-on sequence of
the UCOS circuit (Movie S5, Supporting Information).

One key differentiator between biological and artificial sys-
tems is the environment-interactive actuating performances of
living organisms, enabling the self-sensing of external environ-
ment changes to intelligently regulate their actuating states for
better adaption to dynamic living environments. Compared with
the existing hydrogel actuators that were controlled by traditional
stimuli such as ions or acid/base, the proposed electrical stimu-

lus provides notable convenience for joint use with the commer-
cial sensors, thus holding great potential to produce conceptually
new environment-interactive artificial actuators. To show this po-
tential, acoustic sensors were specially utilized to automatically
control the power on/off of our ECC actuators, an environment-
interactive artificial chameleon actuator with locally and sequen-
tially controllable ability was herein constructed, which could bet-
ter resemble the natural chameleon to adjust the actuating be-
haviors of its tail part. Figure 4d shows the customized circuit
of this artificial chameleon, in which three acoustic sensors with
different sensitivity were delicately utilized to intelligently control
the power-on/off of Part I, II, and III in the tail actuator, respec-
tively. At normal conditions, all of these three switches were pow-
ered off to let the chameleon naturally drop its tail (Figure 4d1).
But at a sudden great noise, all of these three switches would
be activated to apply voltage (20 V) onto the graphene film be-
neath part II of the tail. Consequently, local Joule heat was im-
mediately generated to induce the synchronous bending defor-
mation and blue-to-chartreuse fluorescence color change of Part
II (Figure 4d2). With the environment sound gradually got down,
VOX3 switch with the lowest sensitivity was first turned off to
successively connect the graphene films beneath Part II and III
into the circuit, leading to the sequential shape/color changes of
Part III (Figure 4d3). With further decrease of the environment
sounds, synchronous shape/color changeable behavior of part I
would be finally observed. This is because only the most sensi-
tive VOX1 switch was kept on to make the graphene film beneath
the whole chameleon tail generate Joule heat (Figure 4d4). Figure
S27 (Supporting Information) shows more detailed information
of this environment-interactive programmable actuation behav-
ior. Notably, as shown in Figure 4e, this environment-interactive
chameleon with locally and sequentially controllable ability has
the more complicated motion trajectory than that common one
shown in Figure 3b. In this way, the robust artificial chameleon
with life-like environment-interactive sequential actuating behav-
iors was demonstrated for the first time based on our electrically
powered ECC actuator (Movie S6, Supporting Information). In
addition, an environment-interactive system containing leaves
and different chameleons was demonstrated by specially utiliz-
ing acoustic sensors to automatically control the power on/off of
different shaped ECC actuators. The schematic circuit of this sys-
tem and corresponding pre-set program within acoustic sensors
were shown in Figures S28 and S29 (Supporting Information).
As the example shown in Figure 5a exhibited, the four leaf-like
actuators in the background tree branch were connected with
a highly sensitive acoustic sensor VOX1, and the tail actuators
of these two chameleons were controlled by the acoustic sen-
sor VOX2 and VOX3 with middle and lowest sensitivity, respec-
tively. At normal decibel, all of these three switches were turned
off to ensure that these two chameleons naturally dropped their
tails and the four leaves kept the stretching state. When the sur-
rounding sound slightly increased to activate the VOX1 sensor,
the graphene films beneath these four leaves would be powered
on to generate Joule heat, which induced the bending deforma-
tion of these leaves. Interestingly, the two small leaves with bigger
resistance bended before those two big ones as a result of more
Joule heat according to Joule’s law (Q = I2Rt) (Figure 5b). With
increasing environment-sound decibel, the VOX2 switch with
middle sensitivity was subsequently powered on to activate the
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Figure 4. Demonstration of environment-interactive sequential soft actuators. a–c) Illustration (a) and photos (b) showing the local and sequential
control over shape/color changes of different parts of the ECC actuator by hand-switching of the universal change-over switch (UCOS) under the input
of 12 V, and the motion trajectory of its unfixed end (c). d,e) Illustration and photos showing environment-interactive artificial chameleon actuator that
could intelligently sense the environmental sound signal change to adjust the actuating behaviors of its tail part under the input of 20 V, just like a real
chameleon (d) and its motion trajectory (e). All photos were taken under a 365 nm UV lamp.
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Figure 5. Demonstration of bio-inspired environment-interactive system. a–d) The illustration and photos showing the environment-interactive system
with electrically (15 V) powered stepwise control over the color/shape changes of different parts upon reception of increasing environmental sound
signals, no sound (a), low sound (b), middle sound (c) and high sound (d). All photos were taken under a 365 nm UV lamp.

synergistic shape/color changes in the tail part of the right
chameleon actuator (Figure 5c). Successively, the left chameleon
would curl its tail part when the environment sound was large
enough to trigger the VOX3 switch (Figure 5d). In this way, the
interesting environment sound interactive artificial systems were
successfully accomplished by the joint use of our electrically pow-
ered actuators and commercial acoustic sensors (Movie S7, Sup-
porting Information).

3. Conclusion

In summary, we reported a robust kind of bio-inspired elec-
trically controlled fluorescence-color changeable hydrogel actu-
ation system, which was prepared by the interfacial bonding
of multicolor fluorescent PH3D hydrogel layer and conductive
Graphene/PDMS film with electrocaloric effect. When applying
voltage, graphene film rapidly completed electrothermal conver-
sion and instantly transferred the Joule heat across PDMS to in-
duce the shrinkage and blue-to-chartreuse color change of fluo-
rescent hydrogel layer. This color-changing behavior is originated
from the competition between PET process from DMAEMA to
two fluorogens (DAEAN and DEAN), and AIE effect of these
two fluorogens during dehydrating process. Based on this pro-
cess, synergistic discoloration and deformation behavior of this

hydrogel actuator was achieved. Besides, benefitting from the
natural compatibility with existing electric devices and the facile
controllability of electric signal, local and sequential actuation
behavior was demonstrated by utilizing rational electric cir-
cuit and/or integrating with change-over switches. More impor-
tantly, an environment-interactive artificial chameleon that en-
abled programmable skin color and body shape upon different
environment sounds were presented by joint use with the exist-
ing acoustic sensors. This work opened new avenues of color-
changing soft actuators/robots and could provide an inspiration
for developing functional integrated (e.g., human−robot interac-
tive, environment-interactive) soft actuators/robots to extend the
scope of applications.

4. Experimental Section
Materials: Acrylamide (AAm, 98.0%), acrylic acid (AAc, 98.0%),

2-Hydroxyethyl methacrylate (HEMA, 98%, stabilized by monomethyl
ether hydroquinone), 2-(Dimethylamino)ethyl methacrylate (DMAEMA,
98%, stabilized by monomethyl ether hydroquinone), N,N′-
Methylenebis(acrylamide) (Bis, 98.0%), ammonium peroxodisul-
fate (APS, ≥ 98.0%), benzophenone (BP, 99%) were purchased
from Aladdin Chemistry Co. Ltd. 2-hydroxy-4′-(2-hydroxyethoxy)−2-
methylpropiophenone (I2959, 98.0%) were obtained from TCI (Shanghai)

Small 2023, 2304204 © 2023 Wiley-VCH GmbH2304204 (10 of 12)
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Development Co., Ltd. Graphene (GR, 5 wt %) was provided by Ningbo
Morsh Technology Co., Ltd. DMSO (99%), ethanol (99%) were obtained
from Sinopharm Chemical Reagent Co. Ltd. Acrylic acid-N-succinimide
ester (AAc-NHS-ester, 90%) were purchased from Energy Chemical
Co. Ltd. (NHS, 98%). PDMS films (250 mm × 200 mm × 200 μm)
were purchased from Hangzhou Bald Advanced Materials Co. Ltd.
The blue fluorescent monomer 4-(2-dimethylaminoethyloxy)-N-allyl-1,8-
naphthalimide (DAEAN) and the yellow-green florescent monomer
4-(N,N-dimethylaminoethylene) amino-N-allyl-1,8-naphthalimide
(DEAN) were synthesized according to the previous works.[25,31]

HEMA and DMAEMA were passed through an alumina column to
remove stabilizer before use. Other materials were used without further
purification.

Fabrication of the Poly(HEMA-DMAEMA-DAEAN-DEAN) (PH3D) Hy-
drogel: The PH3D hydrogel was prepared by free radical copolymeriza-
tion. Typically, DAEAN (fluorescent monomer, 5 mg) and DEAN (fluores-
cent monomer, 5 mg) were first dissolved in DMSO/H2O (5 mL/5 mL),
followed by the addition of HEMA (monomer, 0.75 mL), DMAEMA
((monomer, 0.75 mL), and Bis (crosslinker, 15 mg). Next, the pre-
polymerization solution was pre-treated in refrigerator (4 °C) for 12 h. And
then, fresh APS (initiator, 180 μL, 100 mg mL−1) was added into 2 mL pre-
polymerization solution and rapidly transferred into the self-made mold
with two quartz glass plates and a 0.5 mm thick silicon plate, whereafter
copolymerization at 65 °C for 12 h to produce the gel. Finally, the as-
fabricated gel was immersed in water to replace DMSO to give the PH3D
hydrogel (PH3D).

Growth of the Adhesive Layer on PDMS Film: The growth method was
inspired by previously reported works.[30] Specifically, 0.2 mm thick PDMS
film was immersed in ethanol solution of BP (photo-initiator, 10 wt.%) for
12 h at room temperature to introduce BP into PDMS for further interfacial
polymerization. Monomers AAc (0.16 mL), AAm (1.44 g), NHS (0.04 g),
crosslinker Bis (0.002 g) and light initiator I2959 (0.08 g) were dissolved
in 8 mL deionized H2O, and then filtered with 0.45 μm syringe filters to get
the precursor solution. Then, the PDMS containing BP and 0.3 mm thick
silicon plate were successively placed on the quartz glass as a mold. The
precursor solution was then added into the mold, followed by utilization of
another quartz glass to seal the vessel for polymerization under ultraviolet
light (5 W, 365 nm) for 2 h. After being dried at 60 °C for 30 min, the
adhesive layer was grown on the PDMS surface.

Fabrication of Graphene/PDMS: The adhesive layer-functionalized
PDMS film was cut into the designed shape and conformally placed on
a glass substrate. The graphene film was fabricated according to the pre-
vious work.[29] Particularly, the graphene flakes were dispersed in anhy-
drous ethanol via ultrasonication for 6 h to obtain a 1.5 mg mL−1 disper-
sion. Next, a specified volume of the as-fabricated dispersion was sprayed
onto the standing water surface by a spray pot to form a uniform and
ultra-thin graphene film on the water surface. Subsequently, a piece of mi-
croporous sponge was inserted into water along the wall of the vessel to
break the equilibrium of the surface tension, resulting in the formation of
a more compactly assembled graphene film. Finally, the as-prepared com-
pact graphene film was transferred onto the surface of PDMS to obtain
the Graphene/PDMS film.

Preparation of Electrothermally fluorescence-Color Changeable (ECC) Hy-
drogel Actuator: ECC actuator was prepared via facilely bringing the
Graphene/PDMS film and the swollen fluorescent hydrogel together.
Then, new covalent bonds were formed between the N-succinimide ester
of the adhesive layer and the hydroxyl groups of fluorescent hydrogel, lead-
ing to the tight bonding of Graphene/PDMS film and fluorescent hydrogel
sheet.

Characterization: The digital photos of fluorescence hydrogel and cor-
responding color-changing actuator were recorded under a UV lamp (ZF-
5, 8 W, 365 nm) by a smart phone camera (IPHONE 13 pro). Steady-
state fluorescence spectra were testified by a Hitachi F-4600 fluorescence
spectrofluorometer equipped with a 150 W xenon lamp. Temperature-
dependent FT-IR spectra were measured by Thermo Scientific Nicolet 6700
FT-IR spectrometer with a temperature control module. The characteriza-
tion of micro morphology was conducted by a Hitachi S-4800 field-mission
scanning electron microscope with an accelerating voltage of 5.0 kV. An

Optris PI 400 IR thermal camera was used to capture the real-time surface
temperature and IR images of the samples under different input voltages.
PI connect software was employed for the analysis of these obtained data.

Statistical Analysis: The error bars of experimental data were presented
as mean ± standard deviation (SD) with n = 3. Photos taken by mobile
phone were processed by contrast and brightness in the article. Statistical
analysis was carried out using the software of Excel. One-way analysis of
variance (one-way ANOVA) was used to assess significant differences and
the difference among samples was considered to be important when the
calculated p-value was <0.05.
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Supporting Information is available from the Wiley Online Library or from
the author.
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