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ABSTRACT: Coelenterates, such as Atolla jellyfish, are capable
of integrating color, communication, and motion in a
sophisticated manner, thereby enabling them to function as
intelligent biological systems that can adapt to the challenges of
the underwater environment. Extensive efforts have been
dedicated to exploiting underwater visual, sensory, actuating, ol Danger e
or combined systems. However, current biomimetic soft : S

systems are still limited by the lack of comprehensive,
integrated functional skins that can automatically deform,
dynamically sense, and further send color signals when diving
into underwater conditions. Here, we propose the synthetic soft
skins composed of assembled entangled carbon nanotube networks and fluorescent unit-embedded elastomers which can be
applied in a suspended form to allow autonomic 3D deformation, real-time perception, and dynamic fluorescence color
transformation. The capabilities of the sensory and color display thresholds were controlled through the entanglement density
of carbon nanotubes and the suspended area. As a demonstration, the soft thin skin was integrated into an artificial jellyfish
robot, enabling the realization of a closed-loop feedback system for dynamic sensory processing, signal processing, and further
3D morphing-induced fluorescent color change, demonstrating significant potentials in underwater visual display, danger
warning, and environmental exploration.
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1. INTRODUCTION

Biological systems show the capabilities to dynamically control
their morphing, color, and shape,l_4 enabling the realization of
communications, camouflage, self-protection, and warning for
surviving in harsh and varied environments.”~’ An interesting
organism of coelenterate Atolla jellyfish, coupled with
stretchable skin and color-regulating organs, is capable of
changing posture and color.” "> In artificial systems, the
emeréi_n[% biomimetic design of color-responsive soft actua-

camouflage in visible and infrared light conditions. To
introduce the sensory function, Chen and co-workers® and
Sun and co-workers®® presented a path to obtain flexible
electronic skin with reversible mechanochromisms via strain-
dependent cracks and folds. To combine these functions
together, Shepherd and co-workers'®
layered electroluminescent skin-integrated soft actuators that
enabled dynamic color-changing and sensory feedback via
pneumatic actuation.

demonstrated multi-

tors, electronic skins, °~*’ and pneumatic/hydraulically
driven environmental interaction systems (e.g., anticounterfeit
and visual communication),”**° imitates creature-like sensory
or motion behaviors, aiming to enrich the functions of certain
machines, such as soft robots or artificial limbs.

Typical soft materials of silicon-based elastomers are widely
applied to construct biomimetic soft robots to simulate two-
dimensional (2D) or three-dimensional (3D) deformation of
natural creatures due to their inherent flexibility, stretchability,
and sha})e capability.27_34 For example, Whitesides and co-
workers” developed a soft quadruped robot with multicolor
and patterned microfluidic network to realize discoloration and
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Despite the utilization of elastomers-based actuating or
perception systems that enable skin-like motion and sensory
behaviors, few soft actuators can integrate color, sensory, and
morphing features into one skin.'*'**”~*" In addition, current
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Scheme 1. Ilustration of Jellyfish-Inspired Visual and Sensory Bubbling Robots with Automatic 3D Morphable Films for

Underwater Environmental Interactions”
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“(a) Illustration showing Atolla jellyfish secreting neurotransmitters in response to bioelectrical stimulation, promoting the combination of
aequorin and calcium ions for luminescence warning and communication. (b) Scheme of fabricating the bioinspired sensory, fluorescent, and
morphable ultrathin films. (c) Schemes illustrating the structure of the designed fluorescent elastomer, which consisted of fluorescent pigments and
cross-linked PDMS. (d) Schemes of warning mechanism for the artificial jellyfish robot. As the water depth increases, the integrated jellyfish robot
exhibits 3D morphing resulting from the imbalance of internal air pressure and external water pressure. The illustration suggests that owing to the
3D deformation of the fluorescent thin skins, the CNT network on the surface is pulled apart, resulting in the underlying fluorescence being

exposed.

single or integrated systems are usually applied in air
conditioners. When they are exposed to a harsh underwater
environment, some factors of high pressure, water wettability,
and also fluid fluctuations could severely threaten the
conductivity stability and controllable deformation capabil-
ity."""* To support the integrated functions in extreme water
conditions, specific structural design and working mechanisms
should be developed, which can help in the exploration of
biological tracking and the underwater environment.

When Atolla jellyfish are subjected to an external stimulus,
they emit a bright luminescence spontaneously through the
combination of aequorin and calcium ions. This process serves
to achieve self-protection and underwater communication*>**
(Scheme 1a). Herein, inspired by jellyfish, we present an
ultrathin and structurally integrated soft skin that enables
autonomic underwater 3D morphing, sensitive perception, and
also color display. The integrated actuators are composed of an
entangled CNT network that is partially embedded into the
ultrathin fluorescence doped elastomer, which is constructed
on the water surface to achieve a thin and uniform membrane
(CNT /fluorescence elastomer membrane, CFEM) (Scheme
1b, c). Superior to the rigid substrate, the interfacial reaction
behaviors based on the air—water interface could be easily

manipulated, transferred, and scaled up. In addition, unlike the
conventional pneumatic or hydraulic actuators driven by an
external pump, the skin-integrated underwater actuators can
experience autonomic 3D morphing when diving into water.
The 3D deformation of the actuator results in a homogeneous
strain of the entangled CNT network and exposure of doped
fluorescent molecules, which can achieve dynamic electrical
signals and reversible mechanochromism display via strain-
dependent microcracks effect. As a demonstration, a soft
actuator-based artificial jellyfish robot close-loop system is
designed. It can sensitively perceive the intensity of water
vibration and further transport the signals and analyze the
predesigned warning threshold via the microprocessor. Over
the intensity threshold, the robot dives and further experiences
an autonomic 3D morphing and fluorescence display for
danger warning (Scheme 1d).

2. RESULTS AND DISCUSSION

2.1. Fabrication and Fluorescence Properties of
CFEM. To construct elastic and conductive biomimetic soft
skins, a fabrication strategy based on liquid substrate is
achieved in Figure la. A compact and stable CNT film can be
obtained through a typical self-assembly strategy on the water
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Figure 1. Fabrication and fluorescence property of CFEM. (a) Schematic diagram of preparation for CFEM-based fluorescent skins. In detail,
it includes the self-assembly of CNTs film based on Marangoni effect at water/air surface and asymmetric functionalization of Ecoflex mixed
with fluorochrome. (b) Cross-sectional SEM image of the CFEM. Schematic diagram of CFEM uniaxial stretching with fluorescent exposure
(c) and UV images under different strains (0, 40, 80, 120, and 160%) (d) (scale bar: 2 cm). (e) Current versus time curves of CFEM. The
fluorescence curves of CFEM with CNT concentrations of 0 mg/mL (f) and 0.5 mg/mL (g). (h) Fluorescence intensities of CFEM with

different CNT concentrations under 160% strain.

surface enabled by the Marangoni effect and the capillary force
driving compression. Based on the interface functionalization
strategy,” the water-supported CNT film can be further
functionalized by fluorescent elastomer via in situ composite to
achieve the fluorescent and conductive film, among which the
CNT network was partially embedded into an elastic matrix
with satisfactory structural stability. Digital images of the CNT
film and asymmetric composite fluorescent skins at the water/
air interface are displayed in Figure S1. Apparently, CNT films
can be readily obtained via interface self-assembly, and the in
situ composited CFEM presents a slight green color.
Compared with CFEM covered with a CNT network, the
elastomer without a CNT network emits green fluorescence
under the irradiation of a 254 nm ultraviolet lamp. SEM images
of the CNT side and elastomer side of the CFEM are shown in
Figure S2. It can be observed clearly that at the water side of
the Janus film, CNTs stretch out of the Ecoflex and ensure the
conductive pathways, while the elastomer side shows a
wrinkled surface. This result can be attributed to the
immiscibility between Ecoflex/N-hexane and water. In order
to prove the reliability of the surface composite method, the
mechanical properties of the pure CNT film and CFEM were
further explored (Figure S3). It can be observed that the CNT
film is weakly bound to the glass plates, while the CNTs are
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stably interlocked in the polymer network. Moreover, the
asymmetric structure can be further supported by the water
contact angle (WCA) on both sides of the CFEM. As shown in
Figure S4, the WCA on the CNT side increased from 21 + 1.4
to 111.6 + 0.9° after composited, while the WCA on the
Ecoflex side did not change significantly (~109.7°), indicating
that CNTs were successfully embedded in one side of the
Ecoflex matrix. The cross-sectional structure of CFEM was also
characterized, which showed an obvious asymmetric design
and good combinative ability between two layers (Figure 1b).

The fluorescence performance of CFEM was quantified by
means of a uniaxial tension test under strain ranging from 0 to
160% (Figure 1c,d). It was noticeable that with the increase of
uniaxial strain, the colors of CFEM changed from dark to
bright green, indicating that the fluorescent skins possessed a
significantly strain-dependent fluorescence responsive behav-
ior. In the process, randomly entangled nanotubes fixed in the
elastic polymer were gradually stretched, and the correspond-
ing conductive paths were disconnected, leading to a decreased
tendency in current (Figure le). The real-time fluorescence
display and the stress-time curve of CFEM under uniaxial
tension are presented in Movie S1 and Figure SS, respectively,
showing a positive correlation between strain and fluorescence
intensity. Polarizing microscope images of CFEM under
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Figure 2. Structural design and working mechanism of the CFEM jellyfish robot. (a) Schematic diagram of split structures of the jellyfish
robot. (b) Mechanism diagram of 3D morphing-induced fluorescence of the CFEM jellyfish robot as the water depth increases. (c)
Fluorescence photographs of the prepared jellyfish robot with 3D morphing at 0, 30, 50, 70, 110, and 150 cm underwater (scale bar: 20
mm). (d) Abaqus simulation of the 3D deformation process of the CFEM jellyfish robot. (e) Fluorescent mechanism diagram of CFEM. (f)
Area strain curve of the CFEM under corresponding water depths. (g) Normalized resistance versus curve of fluorescent elastomers with or
without CNT layer under water depths of 0, 30, 50, 70, 110, and 150 cm.

different strains also supported the conclusion (Figure S6).
Moreover, the TEM images of unentangled multi-walled
carbon nanotubes show a curved and flexible morphology,
which is conducive to the dynamic display of fluorescence
(Figure S7). The microcracks under different tensile strains are
shown in Figure S8. It is evident that with the increase of
tensile displacement, the microcrack size extends continuously.
The CNTs network, which is embedded on one side of the
CFEM, not only assists in effective fluorescence display but
also enables water depth monitoring through its intrinsic
conductivity. We further investigated the fluorescence
intensities of CFEM with the CNT concentrations of 0, 0.3,
0.5, 1.0, 1.5, and 2.0 mg/mL, respectively (Figure S9). When
CFEM is excited by 254 nm UV light, the emission wavelength
of green fluorescence is ~506 nm. Compared with the pure
fluorescent elastomer, the green fluorescence intensities of
CFEM exhibit a positive correlation with tensile strain, while
the fluorescence intensity of the pure fluorescent elastomer
remains unchanged (Figure 1f, g). Owing to the stable baseline
of the fluorescence spectrum (strain = 0%) at 0.5 mg/mL
CNT concentration, it is selected as the best display sample for
objects, fluorescence images, and current in our work. More
importantly, it was found that with the increase of CNT
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concentration, the fluorescence intensity of CFEM under
160% strain presented a decreasing tendency (Figure 1h). The
covered fluorescence is difficult to transmit as a result of the
thicker CNT film per unit area.

2.2. Structural Design and Mechanism of CFEM-
Based Artificial Jellyfish. The robot designed with a
jellyfish-like structure is assembled from UV light, electrode,
CNTs film, fluorescent elastomer, transparent cover, and
hollow base (Figure 2a). Owing to the flexibility and thinness
of the fluorescent skins, the prepared CFEM can be easily
transferred onto a substrate with a hollow ring. When a steel
sperm was applied to the self-supported flexible membrane,
CFEM can exhibit significant strain and clearly reproduce
fingerprints (Figure S10). The diameter of the fluorescent
skins can be self-edited via laser cutting, and the transparent
cover can be sealed by Ecoflex prepolymer. As the water depth
increased, an interesting competitive relationship was shown in
external hydraulic pressure and internal air pressure, resulting
in CFEM fluorescence display behavior (Figure 2b). In shallow
water, the assembled skins of the CFEM jellyfish robot exhibit
no deformation. As the water depth increased, the enhanced
water pressure caused the fluorescent skins to display 3D
morphing. Subsequently, the CNT network on the CFEM
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surface is stretched, which induces the generation of
microcracks following the green fluorescence exposure. More-
over, the asymmetric structure of CFEM not only enables the
controlled fluorescence display but also protects the intrinsic
mechanical properties of the elastomer. Similar to the pure
Ecoflex film, the composite CFEM exhibits high flexibility
(1288 kPa) and strain capacity (496%), which ensures the
successful implementation of 3D morphing (Figure S11).
Fluorescence photographs of the CFEM jellyfish robot under
different water depths are presented in Figure 2c. The CFEM
jellyfish robot swam from the water depth of 0 to 150 cm, and
the CFEM gradually expanded autonomously in a hemi-
spherical shape (Figure S12), resulting in the stretching of the
CNT network. As a result, the CFEM jellyfish robot can
display green fluorescence of different intensities under
different water depths. The process operates without human
intervention or large equipment and the CFEM jellyfish robot
can spontaneously experience 3D morphing as the water depth
increases.

Additionally, finite element simulation and analysis enabled
by the Abaqus software were also conducted to simulate the
strain distribution of the CFEM jellyfish robot under the
generated 3D strain (Figure 2d). It is evident that the greatest
strain distribution occurs at the top of the 3D morphing, where
the CNT network is sufficiently stretched and the green
fluorescence is most exposed. The results are consistent with
the real-time fluorescence images shown in Figure 2c. In our
work, a simplified sketch of a potential fluorescent mechanism
is schematically illustrated in Figure 2e. With the increase of
3D morphing, randomly entangled nanotubes fixed in the
elastic polymer experience rapid displacement and cause larger
cracks generation; thus, the transmission of the CNT layer is
increased and the deformed CFEM emits green fluorescence
through the gaps. Meanwhile, the conductive pathways caused
by stretched CNT networks are decreased, resulting in an
obvious resistance change. This mechanism demonstrates that
the CFEM jellyfish robot can achieve depth perception beyond
that of the biological jellyfish. The real area strains of the
CFEM jellyfish robot under different water depths can be
calculated by the surface area formula of the spherical crown,
as shown in eq 1:

/2
S = / 2nrR-d0 = 272RH
0 (1)

where R and H are the radius of the 3D sphere and the height
of the crown, respectively. The 3D deformation of the CFEM
jellyfish robot can be approximated as being part of a sphere. It
can be clearly observed that the area strains increase
significantly from 0 to 305% as the water depth increases
from 0 to 150 cm (Figure 2f). Moreover, the real-time
resistance response corresponding to water depths can be
easily monitored by the CFEM jellyfish robot. As displayed in
Figure 2g, when the CFEM jellyfish robot was at 0, 30, 50, 70,
110, and 150 cm underwater, the normalized resistance
represented an increased tendency with the ladder pattern.
In contrast, pure fluorescent elastomers without CNT network
demonstrated a constant resistance value at any water depth.
We further calculated the forces on the artificial jellyfish robot
under different water depths (Figure S13). The underwater
force of the jellyfish robot was positively correlated with water
depth, and compared with the uniaxial tensile force, the force
at deep water is greater than the uniaxial stress.

2.3. Editability of the CFEM Jellyfish Robot in Time/
Space Dimension. Based on the above results, the CFEM
can be further inflated to realize a stretch for 3D displacement
with the help of a self-supported device. The shade and bright
fluorescence of the CFEM jellyfish robot can be achieved via
the resulting 2D to 3D transformation, which is similar to the
display strategy of organisms (e.g, warning luminescence of
jellyfish). Superior to the conventional 2D deformation system,
the introduction of fluorescence and sensing functions into the
3D system is conducive to direct and accurate 3D image
camouflage and information exchange behavior. Therefore, the
barometric actuator based on CFEM was also constructed to
adjust the CNT concentration for designing fluorescence
responses in different time dimensions. When the air pressure
increased from 0 to 280 Pa, a 2D self-supported CFEM
developed into a 3D hemispherical structure, resulting in
cracks generation and gradual green fluorescent display (Figure
S14). We further explored the 3D fluorescence display
behaviors of CFEM (diameter = 40 mm) with CNT
concentrations of 0.3, 1.0, and 2.0 mg/mL. It can be clearly
observed that the lower the concentration of CNTs, the earlier
green fluorescent exposure completely, indicating that the
concentration of CNTs can effectively adjust the time
sequence of full fluorescent exposure. The area strain of 3D
morphing gradually increases from 0 to 74.71% as the pressure
increases (Figure S15), and this process can be effectively
monitored via dynamic stretched CNT networks (Figure S16).
Moreover, the normalized resistance-strain curves under
different CNT concentrations of 3D-based CFEM were
investigated. It can be found that when a higher content of
CNT was applied, the gauge factors (GF) showed a decrease at
high strain. The results can be attributed to the smaller relative
displacement of the high-concentration CNT network (Figure
S17). Note that a higher concentration (>2 mg mL™") could
not be applied in our experiment owing to the poor dispersion
of CNTs in ethanol solvent.

In addition to luminous brightness, it is greatly significant to
explore the maximum diving depth of the CFEM jellyfish
robot, which can facilitate us to further understand the
differences in the underwater environment and creatures at
different water depths.** The CFEM jellyfish robots with
diameters of 10, 20, and 30 mm are driven from 0 cm to 110,
120, and 160 cm, respectively, underwater, and sectional area
strains of different diameters are displayed in Figure S18. With
the increase in driving depth, the CFEM jellyfish robot with a
smaller diameter shows greater strain and an almost spherical
structure. The normalized resistance curves of the diving depth
in a gradient of 10 cm were monitored in Figure S19 and the
artificial jellyfish robot enables the perception of the under-
water position. With the increase of diameter from 10 to 30
mm, the maximum diving depth of the CFEM jellyfish robot
has been increased from 120 to 190 cm underwater. As a
result, there is a positive relation between the diameter and the
maximum diving depth of the designed jellyfish robot. Note
that upon continuously driving into the deeper water, the
CFEM jellyfish robot will burst under water pressure. CFEM
still has good stability in solutions with acid, alkali, and
seawater salt concentrations, and the surface morphology is not
corroded (Figure S20). More importantly, the CFEM-based
robot shows excellent long-term electrical stability, durability,
and reliability for tracking the repeatedly diving processes
(Figure S21). In conclusion, the fluorescence display time and
the maximum reached water depths of the CFEM jellyfish
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Figure 3. Multicolor edited and integrated CFEM-based artificial jellyfish. (a) 3D morphing diagrams of diameter and concentration-
controlled in integrated CFEM jellyfish robot underwater. (b) Maximum driving water depths of the individual CFEM jellyfish robot at
different diameters. (c, d) Area strain versus of the CFEM jellyfish robots featured with multicolor and gradient color under water depths in
0, 30, 50, 80, and 120 cm. (e) Resistance versus time curves of the integrated CFEM jellyfish robot with three different diameters (10, 20,
and 25 mm) driving underwater. (f) Resistance variation tendency at low water depths of the diameter-designed CFEM jellyfish robot. (g)
The resistance curves of driving underwater of the integrated CFEM jellyfish robot with CNT concentrations of 0.5, 1.0, 1.5 mg/mL. (h)
Resistance increasing tendency at low water depths of the concentration-designed CFEM jellyfish robot. (i) Multicolor fluorescence display
diagrams and photographs of the diameter-edited jellyfish robot (10, 20, and 30 mm) under increasing water depths. (j) Gradient
fluorescence photographs of the concentration-edited (0.5, 1.0, and 1.5 mg/mL) jellyfish robot as water depths increase.

robot can be flexibly and effectively regulated by the
concentration of CNT and the diameters of fluorescent skins.

2.4. Underwater Integrated Visual Display of the
Artificial Jellyfish. Natural organisms change their body color
for the purpose of camouflage via stretchable skin and multiple
morphing forms in extreme conditions.””*” The appropriate
introduction of diverse colors into soft robots can facilitate
information exchange and visual display between humans and
machines, especially for underwater soft robots.***’ As a proof
of concept, color, diameters, and CNT concentration were
integrated into one system to achieve a 3D diversified display.
As shown in Figure 3a, we explored the 3D actuation and
fluorescent behaviors of the integrated jellyfish system with
three diameters and three CNT concentrations, respectively.
First, the diving depths of the single CFEM jellyfish robots
with different diameters (10, 20, and 30 mm) were explored,
which can eventually reach maximum water depths of 120,
160, and 190 cm, respectively (Figure 3b). Furthermore, the
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area strain of CFEM jellyfish robots featured with multicolor
and gradient color can be effectively calculated in driving
depths of 0, 30, 50, 80, and 120 cm (Figures S22 and 23). In
the multicolor fluorescence system, 3D deformation is
positively correlated with the designed diameter with the
increase of water depths, which can be attributed to the
deformation area (S) of the CFEM being positively correlated
with the applied force (F), resulting in greater 3D deformation
(P = F/S, P is a constant value under the specific water depth)
(Figure 3c). The fluorescence curves of CFEM with yellow and
red colors were also characterized in Figure S24, showing an
increasing tendency with the strain increasing from 0 to 160%.
The conclusions presented above are in accordance with the
proposed mechanism of strain-dependent fluorescence ex-
posure. Furthermore, the excitation wavelengths of CFEM
with three fluorescence colors were investigated under the
strain of 160% (Figure S25). It can be observed that the green
and yellow fluorescent elastomers can also be excited in the
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Figure 4. Underwater depth warning of CFEM-based artificial jellyfish. (a) Underwater depth warning diagram of the achieved fluorescent
jellyfish robot via the combination of CNT concentration and diameter. (b) Maximum warning depth curves of the designed jellyfish robot
under different diameters and concentrations. (c) Underwater depth warning photographs of the CFEM-based jellyfish robot for a series of
controllable 3D deformation, introducing three fluorescent colors (green, yellow, and red) to warn different water depths (60, 120, and 180
cm). (d) Optical photograph of the CFEM-based jellyfish robot featured with 3D deformative and self-perceptive functions. (e) Real-time
resistance versus time curves with a 10 cm gradient of the designed depth warning jellyfish robot underwater. (f) Underwater fluorescence
images of the CFEM-based jellyfish robot at depths of 60, 120, and 180 cm, enabling a color mapping of depth warning.

visible region (~450 nm), while the excitation wavelength of
the red fluorescence elastomers is mainly in the ultraviolet
region. Therefore, ultraviolet light is applied as the excitation
wavelength in order to achieve an underwater multicolor visual
display. However, there is an opposite tendency in the gradient
color system. With the increase in the CNT concentration, the
area strain of the integrated jellyfish robot (20 mm) shows a
decreasing tendency at the same water depth (Figure 3d). This
may be because the high CNT concentration could have a
greater effect on the intrinsic mechanical properties of
elastomers (Figure S26).

To measure the properties of 3D morphing, a closed model
with three little “jellyfish” was designed and further integrated
with the CFEM and electrodes. When the integrated jellyfish
robots experienced controllable actuation at an increasing
driving depth with a gradient of 10 cm, the real-time
normalized resistance time curves demonstrated the strain-
strengthening effect in the multicolor CFEM jellyfish system as
the diameter increased (Figure 3e). In order to clearly observe
the electrical signal, an enlarged normalized resistance curve
with three diameters is shown in Figure 3f, which is consistent
with the 3D morphology in Figure 3c. Similarly, we also
monitored the ladder-shaped electrical signal of the integrated
jellyfish system with the same diameter and CNT concen-
trations of 0.5, 1.0, and 1.5 mg/mL respectively (Figure 3gh).
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It can be found that compared with the other two, the little
CFEM Sjellyfish” of 0.5 mg/mL displays a greater relative
resistance change and further confirms the enhanced 3D
deformation, which is consistent with the area strain tendency
in obtained Figure 2d. To observe the 3D shape-morphing
behaviors, three different colors, blue, yellow, and red, were
introduced into the integrated artificial jellyfish robot,
corresponding to three little CFEM jellyfish with diameters
of 10, 20, and 25 mm, respectively (Figure 3i). With the
increase of water depth, 3D morphing of the red, yellow, and
blue integrated jellyfish robots presents an increasing tendency.
Furthermore, the hydraulic actuating process of the concen-
tration-controlled CFEM-based jellyfish robot was effectively
captured (Figure 3j). The CNT concentrations from low to
high endowed the CFEM jellyfish robot with a gradient color.
In this ingenious integrated system, diverse visual displays can
be achieved through the design of concentration, color, and
diameter of jellyfish, which can further provide an integrated
platform underwater for self-regulated multicolor robot
systems.

2.5. Underwater Depth Warning of the CFEM-Based
Artificial Jellyfish. Natural organisms can adapt to under-
water environments through training, but visualized acquisition
of depth perception is challenging for avoiding danger.””*" In
our work, we further developed a self-perceptive and
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Figure S. Bioinspired CFEM jellyfish robot for autonomous underwater environment interactive system. (a) Schematic illustration of a real
jellyfish fluorescence warning, including sensing, signal transmission and processing, and warning. (b) Fluorescence warning behaviors
underwater of the CFEM-based artificial jellyfish robot, showing a 3D morphing and red fluorescence displays. (c, d) Normalized resistance
curve of the artificial jellyfish robot applied a wave and a falling object (0.96 g). (e) Normalized resistance curve of underwater disturbance
signals from far and near. (f) Real-time resistance curve for the artificial jellyfish diving up and down underwater. (g) Working mechanism of
underwater interaction system based on CFEM Jellyfish robot. (h) Normalized resistance time curves of the artificial jellyfish robot under
external stimulus, showing a sharp improvement in danger conditions and maintaining a constant value in safe conditions. (i) Photographs
of the CFEM-based jellyfish robot maintained a consistent water depth under normal signal stimulations. (j) Photographs of the CFEM-
based jellyfish robot driving from 0 to 150 cm underwater at a constant speed of ~3.41 cm/s for a series of controllable 3D deformation and
fluorescent warning in a dangerous environment. The images in (i) and (j) are obtained from Movies S2 and S3, respectively.

fluorescent jellyfish robot to monitor and achieve fluorescence
warning behavior with the increase of water depths. Warning
depth adjustment of the developed jellyfish robot can be
realized through the accurate combination of CNT concen-
tration and diameter (Figure 4a). To prove the possibility of
fluorescence warning of the 3D morphing jellyfish robot, we
alternatively introduced three fluorescent pigments of green,
yellow, and red colors into the CFEM-based robot to observe
the fluorescence display at the maximum warning depth. The
regulated jellyfish robots with three diameters of 20, 25, and 30
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mm show the increasing warning depths at different CNT
1.0, and 1.5 mg/mL), which is
summarized in Figure 4b. When the 20 mm diameter was

concentrations (0.5,
applied to the artificial jellyfish robot, the maximum
fluorescence intensities appeared at water depths of 60, 80,
and 100 cm as CNT concentration increased (Figures S27 and
28). These depths were considered to be the warning depths,
and the 20 and 30 mm diameters were calculated in a similar
manner.
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Through an alternative combination of diameter and
concentration, the designed CFEM artificial jellyfish can be
endowed with the capability of depth warning underwater. We
defined underwater as three parts: shallow zone (60 cm),
buffer zone (120 cm), and deep zone (180 cm), which can be
distinguished by fluorescent colors. As displayed in Figure 4c,
the green fluorescent jellyfish robot with a 0.5 mg/mL
concentration and 20 mm diameter can warn the water depths
from 0 to 60 cm via 3D morphing-induced fluorescent display.
Note that there is no significant change in fluorescence color
above 60 cm underwater, and the designed artificial jellyfish
will be irreversibly damaged. Moreover, the underwater
warning depths of 120 and 180 cm were also investigated via
the designed yellow and red fluorescent jellyfish robot. As a
result, combined with concentration and diameter, the
maximum depths under different water zones can be
forewarned through different fluorescent color jellyfish. Optical
photographs of the CFEM-based jellyfish robot featured with
3D deformation are achieved in Figure 4d. With the increase of
water depths from 0 to 180 cm, the corresponding electrical
signals of the CFEM-based jellyfish robot with depth warning
can be captured accurately, which presents a step-by-step
increase (Figure 4e). Moreover, underwater fluorescence
images of the CFEM-based jellyfish robot at depths of 60,
120, and 180 cm are also displayed (Figure 4f). The active
perception and underwater fluorescence display can provide an
early warning to effectively respond to the dangers in the
marine environment. For example, when someone dives into a
deep zone, the CFEM jellyfish robot can emit bright red
fluorescence or transmit an electrical signal to warn and alert
people.

2.6. Bioinspired Artificial Jellyfish Robot for the
Underwater Interactive System. In nature, jellyfish skins
are endowed with capabilities of self-perception and desirable
3D deformation to adapt to the complex underwater
environment. Importantly, when an external stimulus is applied
to a jellyfish, the received signal from the jellyfish’s skins can be
transmitted and processed effectively and finally induce a
luminous behavior to achieve active self-protection (Figure
Sa). Inspired by the natural phenomenon, we demonstrate an
autonomic 3D-deformative self-perceptive CFEM jellyfish
robot that can achieve sensing and autonomous feedback
(strain-induced fluorescence exposure) to avoid danger. In this
process, the microprocessor and driving system are designed to
imitate and operate the signal processing and 3D actuation of
the artificial jellyfish, respectively. The fluorescent warning
behavior of the obtained artificial jellyfish can be clearly
observed in Figure 5b, which shows 3D deformation and red
fluorescence display with the increase of water depth.
Furthermore, the developed CFEM jellyfish robot possesses
the ability to monitor signals both horizontally and vertically
underwater. For instance, a typical red jellyfish robot can
successfully monitor the surface frequency of the water (2, 0.8,
and 0.4 Hz) by tapping the tank wall. Additionally, different
water velocities can be detected separately by calculating the
water column per unit area (Figure $29). The artificial jellyfish
robot with ultrathin and structurally integrated soft skin can
even show the ability to detect microsignals, such as waves and
a falling object (Figure Sc,d), and also exhibit a rapid response
time (~0.105 s) (Figure S30). In our system, the artificial
jellyfish robot can even perceive disturbance signals from the
surrounding environment at underwater depths of 20, 40, and
60 cm, which may provide ideas for underwater exploration

(Figure S31). As a case, the CFEM-based jellyfish robot was
placed at a water depth of 60 cm and was able to detect
disturbance signals from both distant and nearby fish (Figure
Se). To mimic the swimming pattern of natural jellyfish, the
artificial jellyfish robot performs diving up and down with a
depth gradient of 30 cm. It can be clearly observed that the
real-time electrical signal of the diving movement is consistent
with the tendency of 3D morphing of the CFEM-based
jellyfish robot. When the CFEM-based jellyfish robot dives
toward the water surface, the 3D deformation decreases and
the conductive path is recovered, resulting in decreased
resistance (Figure 5f). Note that electrical signals can identify
the directionality of motion patterns, making important
prospects for monitoring the underwater motions of creatures.

To mimic the warning behavior of natural jellyfish, we
developed an underwater environment interaction system. The
CFEM-based jellyfish interaction system includes the ultra-
violet light source, sensing (CFEM), program control (micro-
processor), and driving systems (micromotor and pulleys),
which can effectively simulate and achieve the function of
jellyfish skin perception and autonomous color changing. The
schematic diagrams and photographs of the close-loop
feedback system are displayed in Figure S32. The self-
supported CFEM, which is integrated into the artificial jellyfish
robot, is able to sense external vibrations and/or disturbances
through the water flow. Tiny water vibrations induce the
membrane to stretch and produce an electrical signal (AR).
The generated electrical signal is transmitted to the micro-
processor, and the program judgment of Figure Sg is carried
out. When the AR exceeds the predetermined threshold, the
system will classify the CFEM-based jellyfish as in a hazardous
condition and manipulate the jellyfish robot driving toward
deeper water via micromotors and pulleys. Conversely, the
jellyfish robot is considered in a safe condition and does not
require actions. As shown in Figure Sh, when the jellyfish robot
detects a slight disturbance, such as a small fish swimming past,
the normalized resistance represents a mild signal with
suggestive information on safe conditions. However, when
the CFEM-based jellyfish robot experiences severe mechanical
stimulation, like a shark attack, it can autonomously drive and
escape toward deeper water, showing an elevated normalized
resistance curve. The sensing and warning process of the
artificial jellyfish robot is shown in Figure 5i,j and Movies S2
and S3. It can be clearly observed that the artificial jellyfish
robot maintained a consistent water depth and did not display
fluorescent warning behavior while detecting a normal signal.
Once the artificial jellyfish robot detected the danger signal, the
micro motor controlled the jellyfish robot driving from 0 to
150 cm underwater at a constant speed of ~3.41 cm/s. During
this process, the red fluorescence gradually appeared to achieve
a fluorescence warning as the 3D morphing increased. The
designed CFEM-based jellyfish robot and the fluorescence
warning mechanism provide potential feasibility for underwater
soft robots with multiple functions.

3. CONCLUSIONS

In this work, we have constructed self-perceptive and
autonomic 3D deformative fluorescent soft skins and further
designed an artificial jellyfish robot for close-loop control of
sensing, processing, actuating, morphing, and color display in
the water environment. Benefitting from the molecular-level
water surface, the thin and integrated soft actuators can be
rationally designed, allowing the formation of suspended
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membranes (decades of microscales) in an air chamber for
autonomic underwater actuation. Our soft thin skin-based
actuators possess some advantages over existing systems,
including the highly structural integration, the autonomic 3D
morphing under water conditions, synergetic sensory-actuat-
ing-color changing functions, and their feedback system. To
further demonstrate the potential of the soft skins, the artificial
jellyfish robot is designed to achieve underwater multicolor/
gradient fluorescence visual display. Also, the robot with a
closed-loop system can actively perceive external normal and
even dangerous stimuli and further drive into deep water with
autonomic 3D morphing and simultaneous fluorescence
warning, showing significant potential in underwater visual
environmental interaction systems.

4. MATERIALS AND METHODS

4.1. Materials. The raw carbon nanotubes (CNTs) (length, about
10—30 um; diameter, about 10—30 nm; —COOH %, about 2 wt %)
with a purity of over 90% were acquired from Chengdu Organic
Chemistry Co., Ltd., and were rinsed thoroughly with anhydrous
ethanol and dried in a stream of nitrogen before use. Silicon rubber
(Ecoflex 00—50) was purchased from Smooth-on, USA. Prior to
spray-coating, components A and B were mixed with a 1:1 weight
ratio and consequently diluted using hexane with a weight ratio of
8.7%. Oil soluble fluorescent pigment purchased from Guangzhou
Xinyan New Material Co., LTD can fluoresce brightly under a 254/
365 nm ultraviolet lamp. General chemicals of chemical reagent grade
were used as received from Sinopharm Chemical Reagent.

4.2. Fabrication of Assembled CNT Films. A certain amount of
CNT's was well-dispersed in the ethanol solution using the ultrasonic
method. The ethanol-dispersed CNT suspensions were further
sprayed on the air/water interface by a spray-coating method. To
achieve a homogeneous film, the location of the sprayer should be
changed in an orderly manner during the spray-coating process.
Subsequently, a commercially available sponge was employed to drive
the preassembled film to form a condensed structure, in which the
procsiphon effect induced effective water absorption. Simultaneously,
CNT preassembled films were closely packed toward the opposite
direction of the siphone direction followed by a prominent decrease
in the preassembled CNT film area, and finally, a homogeneous CNT
film was obtained. It is noted that the concentration of CNT
suspension can be adjusted to 0.3, 0.5, 1.0, 1.5, and 2.0 mg/mL. The
fluorescence display intensity of artificial jellyfish can be successfully
modulated by the concentration of CNTs.

4.3, Fabrication of CFEM-Based Bioinspired Skins. The oil-
soluble fluorescent pigment (0.03 g) was fully dissolved in the well-
dissolved mixture of Ecoflex and n-hexane solution (30 mL) by an
ultrasonic method. Then, the fluorescent elastomer solution was
carefully dropped onto the surface of the as-prepared CNT film for a
uniform layer. Note that in order to obtain a uniform fluorescent
elastomer membrane, the well-dispersed fluorescent elastomer
solution should be dropped at a constant speed along the container
wall. When the n-hexane solvent evaporated, a typical curing
procedure (25 °C for 6 h) was achieved, resulting in a robust and
homogeneous CNTs-fluorescent elastomer hybrid film on the water
surface.

4.4. Fabrication of the Artificial Jellyfish Robot with Self-
Perception and 3D Deformation. The detailed structure of the
jellyfish-like artificial robot is shown in Figure 2a. The fluorescent
jellyfish robot consists of a UV LED lamp, transparent cover,
electrode, fluorescent skins, and hollow base. The volume of the
fluorescent jellyfish robot is determined by the diameter of the
transparent cover (poly(methyl methacrylate) (PMMA)) (60 mm for
a single jellyfish and 90 mm for an integrated jellyfish). First, a UV
LED lamp (model: UVC3535, size: 20 mm X 20 mm, excitation
wavelength: 250—260 nm, voltage: 8 V) was fixed on the top of the
transparent cover by double-sided foam adhesive and welded to a
separate power supply. Subsequently, the hollow base was obtained by

laser cutting, and CNTs/fluorescent elastomers adhered to the center
of the Hollow bases using PDMS prepolymer. Note that in order for
the fluorescent skins to adhere tightly to the substrate, the surface of
the hollow base should be roughened with sandpaper and further
cleaned with ethanol before the skin adheres. Then the device was
cured at 60 °C for 1 h, and the electrode was constructed with a silver
paddle and aluminum wire. Finally, the transparent cover and the
hollow base adhered CNTs/fluorescent elastomers were assembled
and sealed by Ecoflex prepolymer to ensure the sensing layer without
water. With the increase of water depth, the imbalance between
internal air pressure and external water pressure of the artificial
jellyfish robot causes three-dimensional deformation.

4.5. Abaqus Simulation Analysis of Water-Pressure-Induced
3D Strain Distribution. The finite element simulation model was
built based on real experimental conditions. The deformable
elastomer film with a diameter of 20 mm and thickness of 0.1 mm
is integrated into a transparent hemispherical plastic cover with a
diameter of 60 mm. The diameter of deformable CFEM was
measured directly by vernier calipers, while the thickness was
estimated from the cross-sectional SEM images. The density and
Poisson’s ratio of the model were calculated as 1.07 g cm ~> and 0.49,
respectively, and the elastic modulus of CFEM can be calculated as
1288 kPa from the slope of the stress—strain curve in the range of 0—
496% (Figure S6). A geometric nonlinear model was used for the
whole simulation. The surface of the elastic film is designed with
microcracks and a uniform vertical upward distribution of forces is
applied at the low end of the model. The loading force is gradually
increased until the film breaks, and the three-dimensional strain
distribution is calculated.

4.6. Experiments on Underwater Actuation and Warning
Systems Based on CFEM Jellyfish Robot. The underwater
environment interaction systems include a light source system (UV
LED lamp), sensing system (CFEM), programmed control system
(STM32F40S microprocessor), and driving system. The driving
system consists of the self-manufactured micromotor and CFEM
jellyfish robot connected by a removable rope. The jellyfish robot is
driven from the top of the tank (tank height: 2 m) and executes the
instructions and underwater movement via the Kalman filtering
algorithm. When the jellyfish robot is subjected to external stimuli, the
programmed control system collects the signals from the jellyfish
robot and calculates the following action, which will be transmitted to
the micromotor. Under the action of the driving system, the artificial
fluorescent jellyfish deformed, owing to the imbalance between the
external water pressure and the internal air pressure. With the depth
of the water increased, the fluorescence of the artificial jellyfish was
gradually exposed to achieve an underwater fluorescence warning.

4.7. Characterization. Field emission scanning electron micros-
copy (FE-SEM) images were obtained with an FE scanning electron
microanalyzer (Hitachi-S4800, 4 kV). Static water contact angles were
probed by using a contact angle meter (OCA2S, Data Physics) with a
3 pL droplet of water as an indicator. Microscopic images of
untangled multi-walled carbon nanotubes were obtained by trans-
mission electron microscopy (TEM) (JEOL2100). The microcrack
images were captured by a metallographic microscope (NMM-
800RF). Steady-state fluorescence spectra were measured by a Hitachi
F-4600 fluorescence spectrofluorometer with a xenon lamp (150 W).
The digital photos of the fluorescent actuators were recorded by a
smartphone camera (HUAWEI 30 Pro) under a UV lamp (ZF-$, 8 W,
254 nm). The microscopic images of CNTs stretching were captured
with an OLYMPUS BXS1 polarizing microscope. An electrochemical
workstation (CH Instruments, CHI660E.Chenhua Co., Shanghai,
China) was used to record the underwater real-time current (I) of the
robot accompanied by a constant voltage (V) of 1V, while the real-
time resistance (R) was calculated by the equation R = Vy/I. The
tensile test was conducted on the Z1 Zwick/Roell Universal Testing
System.
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