
Nano Energy 81 (2021) 105617

Available online 19 November 2020
2211-2855/© 2020 Elsevier Ltd. All rights reserved.

Biomimetic underwater self-perceptive actuating soft system based on 
highly compliant, morphable and conductive sandwiched thin films 

Yun Liang a,b, Peng Xiao a,b,*, Feng Ni a,b, Ling Zhang a, Tao Zhang a,b,*, Shuai Wang a, 
Wei Zhou a,b, Wei Lu a,b, Shiao-Wei Kuo c, Tao Chen a,b,* 

a Key Laboratory of Marine Materials and Related Technologies, Zhejiang Key Laboratory of Marine Materials and Protective Technologies, Ningbo Institute of Materials 
Technology and Engineering, Chinese Academy of Sciences, Zhongguan West Road 1219, 315201 Ningbo, China 
b School of Chemical Sciences, University of Chinese Academy of Science, Beijing 100049, China 
c Department of Material and Optoelectronic Science, Center of Crystal Research, National Sun Yat-Sen University, Kaohsiung 804, Taiwan   

A R T I C L E  I N F O   

Keywords: 
Conformal conductive films 
Morphable 
Water-repellent 
Pneumatic actuator 
Synergetic perceptive and actuating systems 

A B S T R A C T   

In biological system, autonomic neural perception and motion behaviors enable adaptive capability to the 
external environments. The biomimetic construction of soft materials with synergetic perceptive and actuating 
characteristics that is highly desirable for realizing the intelligent soft systems. Also, current prototypes do not 
provide appropriate platforms for the closeup exploration of underwater life in a safely and silently interactive 
way. Here, we have developed a compliant, morphable and conductive sandwiched film composed of carbon 
nanotubes (CNTs) film sandwiched between two polydimethylsiloxane (PDMS) layers that can function as a self- 
perceptive soft actuator. The vertical movement of the actuator can be accurately controlled by applying extra 
pressure, which attributed to the deformation of elastic ultrathin PDMS film like the swim bladder. Furthermore, 
the actuator can real-time traced the actuation process and sensing the surrounding environment by composite a 
layer of CNTs film, also realized to guide the motions of the actuator according to the feedback signals.   

1. Introduction 

Biological creatures can survive and prosper in complicated nature 
environment, owing to their excellent adaptive capabilities to perceive 
dangerous signals and adjusting their morphology, phenotype and 
physiology accordingly. One of the most important component of these 
bio-systems is the soft tissue integrated with perceptive and mechani-
cally deformable features to reversibly change their appearance and 
behaviors [1,2]. Inspired by these desirable capabilities, extensive ef-
forts have been devoted to exploit various soft materials to realize 
colorimetric sensors/actuators [3–9], electronic skins [10–16] and 
pneumatic/hydraulic driven camouflage systems [17–20]. As a prom-
ising bionic candidate of soft materials, silicone-based elastomer that are 
intrinsically flexible, stretchable and compliant, can well mimic natural 
systems and functions in an environment-friendly way [2,21–24]. 

To date, diverse functional components have been integrated into 
elastomers to endow them with designable morphology and function-
ality to achieve bionic and soft robotics with organism-like behaviors [6, 
12,25–30]. Recently, Shepherd et al. reported a typical example that the 

alternative introduction of inextensible textile patterns into elastomeric 
membrane to achieve controllable shape-transformation from 
two-dimensional (2D) planar surface to three-dimensional (3D) 
non-Euclidean shapes [18]. In another system, Gorodetsky et al. devel-
oped a sandwiched acrylate elastomer, that incorporated with 
proton-conducting component, could dynamically modulate light 
propagation via mechanical or electrical actuation, promising for 
stretchable cephalopod-like camouflage [31]. Although the skin-like 
stretchable morphing behaviors with variation forms have been 
explored in elastomer-based actuating systems, the lack of synergetic 
sensory and deformable/locomotive features in one system may cause 
poor controllability of closed-loop as well as weak response to external 
stimuli [28,32,33]. Beyond the land environments, there also remains a 
fascinating and emerging regime of subaqueous bionic intelligent be-
haviors that are unexploited in an artificial integrated system [34,35]. 
Nature has provided us unique perceptive for subaqueous intelligent 
system. For example, the swim bladder of clownfish functions as a 
resonator to perceive the environment and further guide reversible 
inflation and deflation behavior to control vertical motion in water 
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[36–39]. The abilities to recognize, adapt, behave and further share 
information underwater can help to discover new objects and enrich the 
limited map in novel situations [40–42]. 

Inspired by the actuating and sensory principle of swim bladders, in 
this work, we show the design and fabrication of a soft and elastic un-
derwater integrated actuating and sensory hybrid film. The film is based 
on a conformal sandwiched structure composed of stretchable elastic 
PDMS matrix and conductive CNTs film, which can be further integrated 
into a hollow system for a self-supported system. Owing to the favorable 
shape-adaptable and morphable features of the film, it can achieve a 
controllable underwater up/down motion via an inflation/deflation 
strategy. Based on a piezoresistive sensing mechanism, the stretchable 
deformation of the film can directly adjust the conductive CNTs network 
to realize a real-time and stable underwater sensory capability. 

Moreover, the self-supported film can further capture the external vi-
bration signals mediated by the water vibration transmission. As a 
result, the sensing and actuating functions can be effectively integrated 
into one sandwiched film for synergetic biomimetic behaviors. As a 
proof-of-concept, an artificial swim bladder anchored on a fish model is 
developed to actively capture the vibration stimuli and perform a 
pneumatic actuation, demonstrating significant potentials in intelligent 
integrated soft robotics. 

2. Results and discussion 

Benefitting from the swim bladder, clownfish are capable of 
perceiving the ambient environment and then making the responding 
decision of locomotion control through the bladder’s reversible inflation 

Fig. 1. (a) A photo of a clownfish and the schematic illustration of the surfacing/diving motion driven by inflating/deflating the swim bladder. (b) SEM image of a 
real swim bladder after freeze-drying. Schematic illustration of the fabrication process of the ultrathin PDMS film (c) and CNTs/PDMS Janus film at air/water 
interface and conformal sandwiched integrate into a sandwiched self-perceptive morphing film (d). (e-f) Schematic illustration of the conformal self-perceptive 
morphing PCP film. SEM images of the CNTs/PDMS Janus film at water side layer with plenty of exposed CNT (g) and with a smooth surface at air side (h). 
Cross-sectional SEM image (i) and Raman mapping (j) of the PCP film. 
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and deflation (Fig. 1a). To imitate the form and function principle of the 
swim bladder (Fig. 1b) [43], a sandwich-structured film was prepared by 
conformally integrating a Janus CNTs/PDMS film and a PDMS film 
through a simple but effective method at the water/air interface. Firstly, 
the ultrathin PDMS film was achieved on the other air/water interface 
by spraying technique, which is self-adhesive and appropriated for 
encapsulation (Fig. 1c) [44]. Then, the CNTs/PDMS ultrathin Janus 
hybrid film was fabricated by a typical CNTs self-assembly at the air/-
water interface and in-situ interfacial asymmetric decoration of PDMS 
(Figs 1d and S1) [44,45]. It can be observed clearly that at the water side 
of the Janus film, CNTs stretch out of the PDMS matrix and ensure the 
conductive pathways, while the air side shows a smooth surface of PDMS 
(Fig. 1g and h). This result can be attributed to the immiscibility be-
tween PDMS/N-heptane and water. Only the CNTs exposing to the air 
side can be covered by PDMS as the other side is effectively protected by 
the water. The asymmetric bilayer structure of the Janus film was 
further verified by its cross-section images (Fig. S2). It’s noticeable that 
the interlocked structure between CNTs and PDMS can not only signif-
icantly improves the robustness of conductivity, but also endows an 
excellent stretchability by redistributing the strain energy through 
randomly located CNTs [46]. Due to the excellent electrical and me-
chanical properties, the CNTs/PDMS hybrid film was used as a percep-
tive component with a neural-like function. Finally, the sandwiched 
structure film was constructed by conformally integrating the pure ul-
trathin PDMS film with CNTs/PDMS Janus film (PCP film) (Fig. 1e) and 
the thickness is about 60 µm (Fig. S3b). Such a film performs the 
favorable abilities of underwater non-destructive perception and 
morphing (Fig. 1f). The cross-section structure of the PCP film was 
characterized by SEM and Raman mapping (Fig. 1i and j), which in-
dicates an obvious sandwiched structure and good combinative ability 
between two layers. The structure and functions of the film show high 

similarity with that of the swim bladder, which indicates a biomimetic 
artificial swim bladder could be constructed. 

To verify the compliance, shape-adaptable and morphing properties 
of the ultrathin elastic film, the ultrathin PDMS film was conformally 
transferred onto an open container to form a closed system (artificial 
swim bladder). When the pressure out of the system was changed, a 
difference of pressure between inside and outside of the system occurred 
and causing a significant deformation of the elastic PDMS film (Fig. 2a), 
which indicates the excellent pneumatic morphing ability. While the 
system with a proper density was put into the water, a diving/surfacing 
cycle motion was achieved by adjusting the pressure (Fig. 2b). When the 
pressure inside the swim bladder is relatively increased by decreasing 
the air pressure over the water, the swim bladder will be inflated, which 
will result in additional buoyancy and a surfacing motion of it. Similarly, 
the diving motion of the system could be control by relatively decreased 
the inner pressure of it. This phenomenon is similar to the volume 
change behavior of the swim bladder, which are conducted by deflating/ 
inflating its bladder as well [36]. 

The correlation between the buoyancy change and the diving/ 
surfacing motions can be explained as follows: the forces of the system 
mainly include the gravitational force (G), buoyancy (F) and the fluidic 
resistance (f), where G and f can be regarded as constants at the initial 
diving/surfacing state, whereas F is dependent on the displacement, 
which can be adjusted by the morphing of the elastic matrix according to 
Eq. (1).  

F = ρgv                                                                                         (1) 

Where ρ is the density of the water; g is the gravitational acceleration; v 
is the volume of the system. When the total density of the actuator larger 
than that of water, G > F + f, without applying extra pressure to the 
system, the device stayed at the bottom in the beginning. After a 

Fig. 2. (a) Photographs of the ultrathin free- 
standing PDMS film at different states. (b) 
Illustration of the inflation and deflation 
morphing of the ultrathin PDMS film to imitate 
the swim bladder and the time-lapse images of 
the system during the underwater surfacing/ 
diving process, which caused by inflation and 
deflation morphing of the PDMS film. (c) 
Photograph of free-standing CNTs/PDMS ul-
trathin Janus film on a beaker with embedded 
structure. (d) Raman spectra of the pure PDMS 
and both sides of the CNTs/PDMS Janus film. 
(e) Raman mapping of the cross-sectional of 
PDMS/CNTs Janus film.   
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negative pressure (− 20 kPa) applied, the device rising to the water 
surface due to the ultrathin PDMS film outward expansion to increase 
the volume and F of the system, resulting in F > G + f. As the pressure 
was released back to the original state, the film recovered to the flat 
state, where G > F + f and resulting in diving. On the contrary, when the 
total density of the actuator smaller than that of water (F > G + f), 
without applying extra pressure to the system, the actuator stayed at the 
water surface in the beginning. After pressurization to 20 kPa, a diving 
process caused by the ultrathin PDMS film sunken inward, which 
causing G > F + f by decreasing the volume of the system. Once the 
pressure was released to the initial atmospheric pressure, the film 
returns to the flat state and resulting in resurfacing. This phenomenon 
demonstrates that the pneumatic morphing behavior of the elastic thin 
PDMS film can be used to imitate the morphing of that swim bladder and 
further modulated the vertical diving/surfacing motion. 

In addition to providing lift for the fish, the swim bladder is also able 
to perceive its surrounding environment and then give the inflating/ 
deflating instruction to it. The properties of the ultrathin CNTs/PDMS 
Janus film, the effective sensing component of our artificial swim 
bladder is systematically investigated in the first place. As shown in 
Fig. 2c, the Janus film also remains the excellent compliance and self- 
supporting properties like the ultrathin PDMS film. The Raman spectra 
were used to characterize the ingredient of both sides the CNTs/PDMS 
Janus film (Fig. 2d). The water side of the Janus film presence the 

characteristic D, G and 2D peaks of CNTs at 1349.6 cm− 1, 1580.3 cm− 1 

and 2692.8 cm− 1, respectively. While the air side of the Janus film only 
shows the peaks as the same as pure PDMS film. This asymmetrical 
structure was further verified by Raman mapping (Fig. 2e) and consis-
tent with the SEM results. The Janus property of the CNTs/PDMS film 
enabled to output the electrical signals and was used as a perceptive 
component with the neural-like function. 

The sensing performance of Janus film was further characterized, as 
shown in Fig. 3a, a typical plot for the CNTs/PDMS Janus film-based 
strain sensor was tested at different loading conditions by the normal-
ized electrical resistance (ΔR/R0) change:  

(ΔR/R0 = (R− R0)/R0)                                                                      (2) 

where R represents the real-time resistance and R0 is the initial resis-
tance at the relaxed state (the Janus film strip with lateral dimensions of 
20 mm × 3 mm (length × width)). In the uniaxial tensile tests accom-
panied by simultaneous resistance measurements, the sensor presents a 
monotonic curve with three obvious stages. The corresponding gauge 
factor (GF) is defined as the relative ratio of (ΔR/R0) to tensile strain (ε), 
which was calculated according to Eq. (3):  

ε = (L− L0/L0)                                                                                (3) 

where L and L0 are the film length at the tensile state and the relaxed 
state, respectively. The GFs were calculated to be 25.42 (ε: < 8%), 16.53 

Fig. 3. (a) The sensing performance of the 
CNTs/PDMS Janus film with a detailed gauge 
factor. (b) ΔR/R0 versus time curve of the 
CNTs/PDMS Janus film when used to construct 
an artificial swim bladder under different extra 
pressure in the air. (c) Illustration of the artifi-
cial swim bladder with CNTs/PDMS Janus film 
to sensing the underwater depth. (d) ΔR/R0 
versus time curve of the artificial swim bladder 
under different water pressure. (e) The resis-
tance change of Janus film sensor during finger 
bending and releasing behavior both in air and 
in water. (f) The electrical stability of Janus 
film underwater.   
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(ε: 8–40) and 30.49 (ε: 40–55) coupled with a highly linear response 
were 0.998, 0.996, and 0.990, respectively. Interestingly, when the 
Janus film is transferred onto a hollow container to construct an artifi-
cial swim bladder, the outward expanding morphing of the film can be 
real-time traced in the air (Figs 3b and S4). While immersed the swim 
bladder in water, the morphing of the Janus film caused by water 
pressure at different depths can’t be detected efficiently (Fig. 3c and d). 
Similarly, the bending and releasing behaviors of the finger can be 
quantitatively monitored with the Janus film attached to the finger 
surface. However, after immersing the finger into the water, the bending 
and releasing behaviors can’t be monitored efficiently (Figs 3e and S5). 
The reason for this phenomenon may be explained as follows: when the 
Janus film immersed in the water, the water and electrolyte molecules 
penetrate the conductive CNTs network, causing the conductive 
pathway change and irregular electrical signal change. To verify this 
conjecture, the electrical stability of the Janus film was tested under-
water. As depicted in Fig. 3f, the current value presents a very large 
fluctuation, which proves that the aqueous solution greatly affects the 
stability and reliability of the sensor. Therefore, an effective encapsu-
lation of Janus film is inevitable to realize reliable underwater detection 
for external signals. 

Furthermore, the Janus film was sealed via conformal sandwiched 
integrating with a pure ultrathin PDMS film at CNTs side. As a result, the 
assembled sandwiched film can be easily achieved in a large-scale and 
homogenous feature (Figs 4a and S3a). As depicted in Fig. 4b, the PCP 
film also remained the excellent self-adaptiveness and deformation 
ability under the extra pressure driving. In contrast to the Janus CNTs/ 

PDMS film, the PCP film performs high electrical stability with water 
exposure even thoroughly immersed it in water for more than 20 h 
(Fig. 4c). As a result, the PCP sensor exhibits a constant conductivity 
(Fig. 4d). It is noteworthy that, even the CNTs film is located in the 
middle part of the sandwiched films, the stretchable PDMS can still 
induce the change of contact resistance among CNTs. This mechanism 
can be evaluated using the 3D fiber reorientation model and affine 
transformation [47–49]. Thus, the resistance will periodically change 
during stretch/release cycles. As depicted in Fig. 4e, the sensing per-
formance of the PCP film is similar to the Janus film with three distinct 
stages. The corresponding gauge factors for these regions are 9.58 
(0 < ε < 6%), 3.77 (6 < ε < 25%), and 8.18 (25 < ε < 55%), with the 
linearities 0.994, 0.995, and 0.990, respectively. The real-time variation 
of the resistance under repetitive stretching (with ε of 1%, 5%, 10%, 
20%, 30% to 40%) shows the stable and continuous responses (Fig. S6). 
The response of the PCP based sensor toward different frequencies was 
also investigated (Fig. 4f). Note that the output electrical signals of 
amplitude remain stable without an obvious change at typical fre-
quencies from 0.01 to 1 Hz, demonstrating the sensor a high reproduc-
ibility towards various frequencies. Moreover, bending/release motions 
of the finger could be accurately recorded by the PCP film sensor both in 
the air or underwater (Fig. 4g and h). When comparing with other 
similar strain sensors with the encapsulated structure in previous re-
ports, the PCP sensor presents relatively high sensitivity, excellent 
stretchability and ultrathin thickness simultaneously (Fig. 4i and 
Table S1) [47,48,50–59]. Based on those results, we consider the 
stretchable conductive composite film with sandwiched-structured is of 

Fig. 4. (a) Photograph of the PCP film, insert: illustration the microstructure of the PCP film. (b) Photograph of a PCP film at inflation state. (c) Electrical stability of 
the Janus film and PCP film after being dropped with water. (d) The electrical stability of the PCP film when immersed underwater. (e) The sensing performance of 
the PCP film with detailed gauge factor. (f) Relative resistance variation of the PCP film under different frequencies (from 0.02 to 1 Hz) between 0% and 20% strain. 
ΔR/R0 versus time curve of PCP strain sensor during finger bending and releasing behavior in air (g) and water (h), respectively. (i) Comparison of sensitivity (GF), 
stretchability and thickness between our PCP film sensor and other sandwiched structure sensors in previous works. 
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reproducible and reliable sensing performance both in air and under-
water, which could be applied and integrated into our artificial swim 
bladder. 

Additionally, the deformation performance of the PCP film was 
further quantitatively characterized through the central angle. For 
example, the central angles of a film with 36 mm actuation diameter 
show an excellent linear relationship with the different ambient pressure 

(from 0 to 20 kPa), which also presents excellent consistency with the 
finite element simulation results (Fig. 5a–c). Furthermore, to verify the 
universalistic actuation performance, the central angles of a serious of 
PCP films with different actuation diameters were characterized by 
finite element simulation under 20 kPa, which all result in about 120◦

(Figs 5d and S7). The above results indicate that our PCP film can be 
used to construct actuators at any scales, and the actuation performance 

Fig. 5. (a) The deformation performance of the PCP film at different ambient pressures with actuation diameter of 36 mm. (b) Finite element simulation the 
deformation performance of the PCP film at the corresponding condition. (c) Central angle curves in responding to various ambient pressures with experimental and 
finite element simulation results. (d) Finite element simulation results at the 20 kPa with different actuation diameters (10, 20, 28, 36 and 50 mm). (e) ΔR/R0 versus 
central angle curve of the PCP based pneumatic actuator. (f) The diving velocity and surfacing velocity (In terms of displacement and time) of the pneumatic actuator 
at different extra pressures. (d) Plots of height versus time to describe the suspension ability of the pneumatic actuator by controlling ambient pressures. (h) Potential 
and current generated by cutting the magnetic induction line curve during a diving and surfacing cycle. (i) The corresponding potential-time curves for the cycled 
diving-surfacing process at the extra pressure of 17.3 kPa. 
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has good predictability. 
Meanwhile, the electrical signal during the pneumatic morphing was 

also recorded as shown in Fig. 5e and Fig. S8 of the Supporting Infor-
mation. It can be observed that with the increase of the pressure and 
central angle, the ΔR/R0 value increases monotonously. This indicates 
that the deformation of the actuator during the pneumatic actuation can 
be real-time tracked and detected by the electrical signal, thus avoiding 
the traditional disadvantage of tracking its driving ability by post-
processing digital camera photos [60]. It shows the potential as a 
self-perception actuator to sense and respond to external signals. 

Similarly, when the pneumatic actuation system was put into water 
and then covered with a thin PDMS film to separate the water from the 
air phase, an artificial swim bladder with water-repellent self-perceptive 
property can be constructed. When the pressure out of the system was 
changed, a significant deformation of the PCP film occurred, which re-
sults in a diving/surfacing motion. Moreover, the motion velocity of the 
actuator can be adjusted by extra pressure. The maximal diving and 
surfacing velocity reached 8.4 cm s− 1 and 10 cm s− 1 in our experiment, 
this corresponds to 4.2 and 5 times its body length per second (Figs 5f 
and S9). The suspension ability of the actuator was further described by 
height and velocity through pressure controlling. The height oscillation 
of the actuator can be confined anywhere, such as at 0–14 cm, 25–37 cm 
and 65–76 cm, respectively (Fig. 5g). While the vertical velocity was 
modulated between − 0.7 and 0.8 cm s− 1 (Fig. S10). The above 

evidence demonstrates that the motion of the actuator can be accurately 
controlled by controlling the morphing of the film through extra 
pressure. 

Furthermore, the diving/surfacing process of the actuator indicates 
the potential application of conversion of the kinetic energy into elec-
trical energy by applying Faraday’s law (Fig. 5h). A copper coil (10k 
turns) was fixed in the middle of the container and connect with elec-
trochemical workstation to collect and record the electric generation. A 
typical voltage and current output profile obtained during a diving/ 
surfacing cycle motion (Fig. 5h). The first two peaks corresponding to 
the diving process, when the actuator load with magnet gradually 
approached the coil from the top of the tube container, which results in a 
magnetic flux increase and an induced negative voltage and the positive 
current was recorded. After the magnetic flux reached the maximum and 
the actuator across the coil, the magnetic flux decrease, which results in 
another opposite induced potential and current with a bigger value, 
because the velocity of the actuator became larger according to the 
correlation of E = Blν (E: induced voltage; B: magnetic induction in-
tensity; l and ν: size and velocity of the device) [61]. As the surfacing 
process, the signal profile was recorded with two similar and bigger 
signal spikes, this is due to the rising rate is larger than that of diving. 
Under these conditions, the sustainable energy conversion and steady 
electricity output of the system were further investigated by recording a 
potential-time and current-time curve. As shown in Fig. 5i and Fig. S11a 

Fig. 6. (a) Illustration of the artificial swim bladder to sense the surrounding environment in a non-touching way. (b) ΔR/R0 versus time curves of the artificial swim 
bladder (placed 10 cm underwater and in air, respectively) when stimulated by falling balls with different weights but the same height of 20 cm. (c) ΔR/R0 versus 
time curve of the artificial swim bladder (placed 10 cm underwater and in air, respectively) when stimulated by falling balls (8.4 g) with different weights. Responses 
of the artificial swim bladder to human stomping (d), human stepping (e), playing basketball (f), knocking water container by a ruler (g), blowing air (h) and ruler 
sliding (i). 
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in Supporting information, both the positive and negative induced 
voltage and current values remained constant at a high level, indicating 
that the morphing of the PCP film and reciprocating motions of the 
actuator are robust with a long lifetime and that the electricity gener-
ation is sustainable. Additionally, the induced potential and current 
value can be adjusted by applying extra pressure (Fig. S11b and c). Thus, 
this pneumatic underwater actuator based mini-generator also 
providing the potential for uses of micromachine systems even in situ 
power generation in implanted cardiac pacemakers [62]. 

To explore the sensing ability of our bladder, it was placed in a 
simulated environment of 20 cm underwater (Fig. 6a). Benefit from the 
high sensitivity within a small strain range, the bladder can perceive the 

remote stimuli that are transmitted through water. Such a remote sen-
sibility could further provide the fish a sufficient response time to 
inflate/deflate the bladder for avoiding dangers, enable it to detect or 
communicate with other organisms. For example, when a ball fell from a 
height of 20 cm around the bladder, the resistance presents a violent 
upward peak in real-time detection (Fig. 6b). Besides, with increasing 
the weight of the ball, the ΔR/R0 revealed a stronger oscillation 
(Fig. S12a). As a comparison, when the artificial swim bladder actuator 
was placed in the air, the corresponding vibration signal can’t be 
detected. This phenomenon may be attributed to the following two 
reasons: 1) The attenuation of vibration propagation in solid-liquid is 
much lower than that in solid-gas, which causes the self-sensing actuator 

Fig. 7. (a) Schematic diagram of the artificial swim bladder pneumatic actuator. (b) Time-lapse images of the diving/surfacing process of the actuator. The direction 
of the arrows indicates the moving directions. (c) The artificial swim bladder pneumatic actuator is capable of sensing the dangerous vibration, guiding and tracing its 
further motions. (d) Perception of the underwater position of artificial swim bladder actuator. (e) A real-time signal record during the repetitive diving/surfacing 
process of the artificial swim bladder pneumatic actuator. 
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received a stronger vibration signal in the water. 2) When the vibration 
is transmitted to the medium, the arose vibrational medium will further 
cause the vibration of the sensor film. Owing to the larger density of the 
water than the air, the former will more easily cause the deformation of 
the film. Furthermore, when a ball (8.4 g) falls from different heights, 
the bladder behaves an increased response with falling height heighten 
(Figs 6c and S12b). Moreover, human activities including stomping (Figs 
6d and S13a), stepping (Figs 6e and S13b), playing basketball (Figs 6f 
and S13c), knocking water container by a ruler (Figs 6g and S13d) can 
also be precisely detected by the artificial swim bladder. 

Apart from excellent sensing ability to the vibrations from external 
activities, the waves that were directly generated in the water surface 
were also successfully detected. As depicted in Figs 6h and S13e in 
Supporting Information, when blowing air at the water surface, a 
responsive reversely sharp downward peak appeared and finally 
returned to peace in the real-time curve. The response of electric signals 
reveals a similar trend when stirring the water surface with a ruler (Figs 
6i and S13f). These above results proved that the artificial swim bladder 
is of ultra-high sensitivity and stability in underwater detection, which 
shows the potential of constructing an integrated system of actuating 
and sensing. 

Through the precise sensing of the surrounding environment, living 
organisms can guide their behaviors for self-protection, predation or 
communication. For example, a fish will swim away from danger to 
ensure self-protection after perceiving the danger signals (Fig. S14). We 
attempted to mimic these interesting behaviors as demonstrated by 
artificial swim bladder through integrating sensing and actuation 
functions (Fig. 7a). As a proof-of-concept, a hollow model fish actuator 
with a density of 0.998 g/cm3 was put into an airtight container with 
water, and stayed at the water surface. When the container is knocked by 
a ruler as a danger, the danger signal can be detected by the actuator. 
According to the detected signal, a positive pressure was applied to the 
whole system. Then the PCP film sagged inward and dived to the bottom 
of the container to stay away from the danger source. After the actuator 
reached the bottom for a while and the danger signal disappeared, the 
actuator rose to the surface again, maintaining a comfortable and stable 
state, just like a real fish (Fig. 7b and c). Meanwhile, the electrical signal 
of the actuator can be recorded during the diving/surfacing motions 
process. Furthermore, the artificial swim bladder actuator enables to 
perceive the underwater position (Figs 7d and S15), due to the different 
water pressures caused by different depths. More importantly, the arti-
ficial swim bladder actuator shows excellent long-term stability, dura-
bility and reliability for tracking the repeatedly diving/surfacing 
processes (Fig. 7e). Even though immersed in water 6 months later, the 
morphology of the device still maintains a good state without breakage 
after suffering the durability test for 150 diving/surfacing cycles and the 
real-time variation of the resistance during the motions shows stable and 
continuous responses (Fig. S16). In this way, an artificial swim bladder 
pneumatic actuator with self-perception and signal feedback capabilities 
is demonstrated for the first time, paving the road for the next genera-
tion soft machines that are expected to be potentially useful to many 
different areas. 

3. Conclusion 

In conclusion, we develop a biomimetic artificial swim bladder 
pneumatic actuator via conformal sandwiched integrating enabled by 
synergetic locomotive a sensory soft materials system, in which the 
elastic conductive ultrathin film with sandwiched structures is deployed 
to effectively integrate the sensing and actuating features. The desirable 
morphable characteristic of the integrated film enables a reversible and 
controllable underwater locomotion. Owing to the alternative intro-
duction of conductive CNTs film into the stretchable PDMS matrix, the 
sandwiched film endowed with the sensitive sensory function can 
effectively capture the underwater locomotive behavior to realize syn-
ergetic sensing and actuating integration. As a proof-of-concept, an 

artificial swim bladder integrated fish is designed to imitate the bio-
mimetic behaviors. When dived into the water, the bionic fish can 
achieve real-time detection of the slight vibration signal from the in-
ternal/external environment and further be pneumatically actuated to 
escape from the dangerous areas. This work provides new insights into 
the design of integrated and intelligent soft systems for underwater 
synergetic locomotion and sensing behaviors. 

4. Material and methods 

4.1. Materials 

The raw carbon nanotubes (CNTs) (diameter, about 20–30 nm; 
length, about 10–30 µm; -COOH %, about 1.23 wt%) with a purity of 
over 98% were purchased from Chengdu Organic Chemistry Co., Ltd., 
and were rinsed thoroughly with anhydrous ethanol and dried in a 
stream of nitrogen before use. PDMS with the weight ratio of base agent 
to curing agent 10:1 was fabricated from Sylgard 184 (Dowcorning, US). 
Other analytical reagent grade solvents and reagents were obtained from 
Sinopharm Chemical Reagent Co., Ltd. and used as received. The Milli- 
Q-grade water was used to prepared CNTs/PDMS Janus hybrid film at 
the air/water interface. 

4.2. Preparation of CNTs film 

The CNTs films at the air/water interface were prepared according to 
previous Langmuir-Blodgett assembled methods with some alterations. 
Typically, 200 mg of the pre-prepared CNTs were dispersed with 
200 mL anhydrous ethanol, followed by strong ultrasonication for 2 h 
using an ultrasonic to form a stable dispersion. Subsequently, the 
resultant uniform CNTs dispersion was spread onto the water surface by 
a spray-coating method for the appropriate volume, and a uniform pre- 
assembled film formed at the air/water interface. Finally, after stabilized 
for about 30 min, the capillary substances like tissue or microporous 
sponges were selected to put on one side of the interface to quickly 
siphon water from the system, followed by a prominent decrease in the 
area of the preassembled CNTs film. Notably, the homogeneous preas-
sembled CNTs layers were closely packed toward the opposite direction 
of the siphon situation. When the compression of the film stopped and 
further sponges could not compress the film, the resulting film was ul-
timately formed, indicating a closely packed structure. 

4.3. Preparation of ultrathin PDMS and CNTs/PDMS Janus film 

The PDMS base agent and curing agent with weight ratio 10:1 was 
diluted using N-heptane with a weight ratio of 4%. The obtained mixture 
solution (≈ 1500 mL/m2) was sprayed onto the surface of the as- 
prepared CNTs film or sprayed onto the water surface. After the N- 
heptane volatilized completely, the prepared film was transferred to the 
oven with temperature 70 ◦C for 2 h and the CNTs/PDMS ultrathin 
Janus film and PDMS film with thickness ~ 30 µm obtained at air/water 
interface. 

4.4. Fabrication of the artificial swim bladder pneumatic actuators 

First, the model fish (50 × 48.5 × 26.3 mm3 with an elliptical hole 
of 16 × 11 cm2 at the back) was prepared from commercially polylactic 
acid (PLA) through 3D printing. The density of the PLA alone is about 
1.25 g/cm3. Then, the as-prepared CNTs/PDMS ultrathin Janus film was 
transferred onto the hole of the mode fish with coated uncured PDMS 
mixture, when it completely dried at room temperature the conductive 
copper wires were connected at the two sides of the hole with silver 
paste. Next, another encapsulating PDMS layer was transferred onto the 
CNTs/PDMS ultrathin Janus film surface. Finally, the uncuring PDMS 
mixture was further coated on the edge of the film to ensure completely 
sealed. 
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4.5. Characterization 

Scanning electron microscopy (SEM) was performed to observe the 
micromorphology of CNTs/PDMS Janus hybrid film with a Hitachi S- 
4800 cold field emission SEM at an accelerating voltage of 8 kV. Raman 
spectra were collected by R-3000HR spectrometer (Raman Systems, Inc., 
R-3000 series) using a solid-state diode laser (532 nm) as an excitation 
source with a frequency range of 3500–300 cm-1. When characterization 
of the sensing performance of the CNTs/PDMS Janus film, an Instron 
5567 universal testing machine was used to stretch CNTs/PDMS rect-
angular specimens (25 mm × 3 mm) with one end fixed and the other 
end linearly elongated at a constant speed. Resistance measurements 
were carried out by connecting the two ends of the CNTs/PDMS Janus 
hybrid film to an Electrochemical Workstation (CH Instruments, 
CHI660E.Chenhua Co., Shanghai, China), with conductive copper wires 
to record the real-time current (I) flowing through the film under a 
constant voltage (U0) of 1 V, while the real-time resistance (R) was 
calculated by the equation R = U0/I. The fish mode was printed by using 
a commercial Polyjet multi-material 3D printer (A4S, JGARORA Ltd., 
Shenzhen, China). Photographic images were taken with an MIUI 6X 
smartphone. The positive pressure and negative pressure were collective 
by sphygmomanometer and pressure gage, respectively. 
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