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Abstract: As key devices for underwater robot to perceive underwater environments,
tactile sensors play an important role in seabed exploration. Inspired by the structure
of marine mammal whiskers, we designed a bio-inspired whisker sensor (BWS) based
on triboelectric nanogenerators to assist underwater robots in sensing underwater
environments. The proposed device generated electrical signals through triboelectric
and electrostatic induction between a fluorinated ethylene propylene film and ink.
With the assistance of a structural design inspired by biology, the artificial BWS could
estimate the external stimulation area. We demonstrated specific functions of the
sensor, such as LED lights control and real-time external load monitoring to
demonstrate its utility. Moreover, the BWS installed in underwater robots identify the
direction, position, and frequency of external loads by extracting the characteristics of
electrical signals, particularly in cases when optical and acoustic devices cannot be
used, such as in turbid water. The results showed that the BWS can serve as an

underwater whisker sensor for underwater robots for perceiving underwater



environment and avoiding reactive obstacles.
Key Words: Bio-Inspired Whisker Sensor; Self-Powered; Tactile Perception;

Triboelectric Nanogenerator

1. Introduction

Underwater robots are used to assist humans and improve their efficiency in
continuous exploration of marine ecosystems [1-5]. Underwater robots are typically
equipped with sensors to perform various underwater tasks, such as underwater
mapping [6], underwater pipeline detection [7,8], underwater rescue [9-11], and
motion tracking [12],[13]. However, when underwater robots operate in an
environment with poor water quality, accurate surrounding environmental information
can be difficult to obtain, resulting in a significant decrease in their working
efficiency [14,15]. Therefore, developing sensors that can improve the perception
ability of underwater robots is crucial.

Marine animals often experience changes in their surrounding environment using
their sensory organs [16]. For example, seals can track vortex wakes left by other
moving fish even when aural and visual clues are suppressed [17]. As a representative
marine mammal, sea otters also have highly sensitive sensory organs [18,19].
Whiskers have become important organs for sea otters to obtain external information,
especially in dark and turbid underwater environments. When the whiskers of a sea
otter come into contact with the surrounding environment, the whiskers cause the hair
follicle structure to trigger the reaction in the tentacle nerve. The brain will receive
information. Sea otters rely on tactile sensing systems to easily perceive their
surrounding environment. Therefore, it is particularly important to develop a tactile
sensor that can support the environmental perception of underwater robots.
Specifically, the coupling of tactile and visual sensors can significantly improve the
environmental recognition accuracy of underwater robots.

Triboelectric nanogenerators (TENGs) have gained significant attention as
emerging electromechanical conversion technologies owing to their low power

consumption and light weight [20-22]. TENGs combined with triboelectric charging



and electrostatic induction have demonstrated advantages in low-frequency energy
harvesting [23-26] and self-powered mechanical sensing [28-34]. In particular, a
variety of smart sensors based on the working principle of TENGs have been
fabricated to monitor information in the maritime domain, including the liquid level
information of berthing ships [40], rolling inclination of running ships [41], operating
conditions of the ships’ equipment [422,43], and changes in waves [444-46]. In
addition, highly sensitive underwater whisker sensors can provide support for
underwater robots, allowing them to collect information about the surrounding
environment. Therefore, a highly sensitive whisker sensor could be developed by
combining the TENG principle with the bionic structure of sea-otter whiskers.

In this study, we designed a bio-inspired whisker sensor (BWS) based on TENGs
for underwater robots for perceiving the surrounding environment. The main
components of a BWS include a carbon fiber rod for sensing the surrounding
environment, an epoxy resin base with good waterproof sealing performance, and four
sensing units that convert mechanical signals into electrical signals, as shown in
Figure 1. We chose fluorinated ethylene propylene (FEP) film and ink. Charge
transfer occurs when these two materials come into contact and then separate, causing
the sensing unit to generate a corresponding electrical signal. In particular, when the
BWS installed on an underwater robot comes into contact with the surrounding
environment, the carbon fiber rod causes the octagonal prism to impact the sensing
unit, thereby generating an electrical signal. The underwater robot then senses the
orientation and load information based on the electrical signals transmitted by the four
sensing units in the BWS. Therefore, this BWS can improve the environmental

perception abilities of underwater robots.
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Figure 1. Structure, principle and application of the BWS. (a) Structure of sea otter
beard. (b) Exploded view of the BWS. (c) Structure diagram of the sensing unit. (d)
Force diagram of the BWS sensing unit. () The BWS power generation schematic
diagram. (f) Surface roughness of dielectric FEP. (g) Electron micrograph of dielectric
material FEP surface. (h) BWS installed on the underwater robot sensing the
underwater environment. (i) BWS installed on the underwater robot sensing the

seabed surface.

2. Results and Discussion

Inspired by the structure of sea otter whiskers, a BWS was designed to perceive



the surrounding environment of underwater robots, as shown in Figure 1(a). Typically,
when the whiskers exposed on the outer layer of the skin are stimulated, tactile nerves
will receive signals and send them to the brain. Sea otters use this information to
identify their surroundings. Figure 1(b) shows the exploded structural view of the
BWS, which consisted of a base made of epoxy resin with good water tightness and
corrosion resistance, waterproof cover (r = 35 mm and H = 66 mm) fixed on the
base using four hexagonal copper pillars, silicone rubber joint fixed to the top of the
waterproof cover through the acrylic top cover, waterproof cover and acrylic top
cover to prevent water leakage, silicone rubber joint to maintain the orientation of the
carbon fiber rod on the octagonal plate, a memory alloy spring to center the carbon
fiber rod, and bolt to adjust the height of the memory alloy spring and the four sensing
units. The ink and FEP employed improved the output performance of the sensing unit,
as shown by the comparative experiments in Figure S1. As shown in Figure 1(c), the
sensing unit (L = 35 mm,w = 20 mm,and H = 9mm) was composed of a cast
polypropylene (CPP) film with an electrostatic shielding effect, an FEP film with
strong electronegativity, ink and a silicone rubber with good water tightness. The
fabrication of the sensing unit is illustrated in Figure S2. The epoxy resin base and
waterproof cover and acrylic top cover were attached by hexagonal copper pillars.
The silicone rubber joint was fixed to the acrylic top cover. Subsequently, the carbon
fiber rod, octagonal plate, memory alloy spring, and bolt on the epoxy resin base were
attached in turn. Sensing units were installed vertically around the epoxy resin base.
When the BWS was exposed to a complex surrounding environment, the carbon fiber
rod deformed to varying degrees, causing the octagonal plate to strike the sensing unit.
The sensing unit was deformed after being struck, and the internal dielectric material
was electrified by contact. As shown in Figure 1(d), the contact of the dielectric
materials inside the deformed sensing unit led to charge transfer, which generated an
electrical signal. Figure 1(e) shows the electron transfer process of the sensing unit
under external stimuli. State I in Figure 1(e) shows the original state of the sensing
unit. As shown in State Il of Figure 1(e), when the FEP film and ink came into contact,

the electron clouds on the two electrodes overlapped. Because the electronegativity of



FEP is higher than that of ink, free electrons in the ink entered the deeper potential
well of the FEP film. In other words, the free electrons in the ink were transferred to
the lowest molecular orbital at the FEP interface. When the BWS removed the
external load, the FEP film separated from the ink electrode. Because the negative and
positive friction charges no longer coincided on the same plane, a dipole moment and
potential were generated between the two contact surfaces. Therefore, free electrons
were transferred through an external circuit, balancing the local electric field and
generating a positive charge on the conductive ink electrode. The electrons continued
to flow until the distance between the two contact surfaces returned to State Ill. As
shown in Figure S3, the potential distribution between the two dielectric materials
was simulated using COMSOL software, and the working principle of the sensing unit
was verified.

In the experiment, we observed the FEP film treated with surface microstructures
using a 3D measuring laser microscope, as shown in Figure S4. The treated FEP film
produced many groove areas, as shown in Figure 1(f), which increased the surface
roughness of the FEP film. This increased the contact area of the two dielectric
materials when they were in contact with each other, thus improving the sensitivity of
the sensing unit. When the sensing unit was under loading, the internal dielectric
material was fully in contact, thereby increasing electron transfer. Therefore, the
sensitivity of the BWS improved. In addition, the actual state of the surface
microstructure-treated FEP film was scanned using an electron microscope, as shown
in Figure 1(g). Figures S5-S8 show the effects of different microprocessing degrees
on the roughness of the film surface.

Figure 1(h) shows the application of the BWS to underwater robots for
environmental perception. When the underwater robot passed through a complex
underwater environment, the BWS provided real-time surrounding environmental
information, to ensure that the underwater robot body was not damaged. Figure 1(i)
shows the application of the BWS in detecting the seabed surface conditions. The
underwater robot collects seabed landform information through the signals

transmitted by the BWS, which is beneficial to the effective development of



submarine projects, such as pipeline laying. The development of whisker sensors
provides strong support for improving the environmental perception ability of

underwater robots.

3. Experiments

To study the performance of the BWS, we conducted experiments on three
physical parameters: the load frequency, load displacement, and contact position. As
shown in Figure S9, the BWS was installed on a linear motor platform with a pressure
sensor, and the electrical signal output of the BWS was collected using a
high-resistance electrometer and then visualized through LabVIEW using a computer.
The experimental parameters are illustrated in Figure 2(a) to better describe them. The
distance from the touch position of the carbon fiber rod to the sensor base was
denoted as H. The deformation occurred when the carbon fiber rod was subjected to
an external load. The displacement moved by the point of force was A, and the
deflection angle was a (tana = A/ H). Because the fabrication methods for the
four sensing units of the sensor were identical, we studied the laws for a single
sensing unit only. We measured the short-circuit current under different contact
frequencies when the contact position was H = 40 mm, and the displacement was

A =11 mm.
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Figure 2. Performance of the BWS under difference load parameters. (a) BWS state
under external load. (b) Response range of short-circuit current to external load
frequency from 0.4 to 2.0 Hz. (c) Fitting linear relationship between short-circuit
current and external load frequency. (d) Response range of open-circuit voltage to
external load frequency from 0.4 to 2.0 Hz. (e) Response range of open-circuit voltage
to external load displacement from 1.0 to 5.0 mm. (f) Response range of short-circuit
current to external load displacement from 1.0 to 5.0 mm. (g)Response range of
open-circuit voltage to external load height from 130 to 10 mm. (h) Response range of
short-circuit current to external load height from 130 to 10 mm. (i) Influence of
external load frequency and external load height on open-circuit voltage.

Figure 2(b) shows that when the contact frequency increased from 0.4 to 2.0 Hz,
the short-circuit current of the sensing unit increased from 3.81 to 18.6 nA. As shown
in Figure 2(c), we used the leave-one-out cross-validation (LOOCV) strategy to
obtain the relationship between short-circuit current and external stimuli, I =
38.492f — 0.3876, R? = 0.99699, where the correlation coefficient R? indicated

that the external load and output current had an approximately linear relationship,



with an error of less than 0.02 % at magnitude f = 0.2 Hz, and a relatively higher
error of 0.44 % at magnitude f = 0.3 Hz. These errors were possibly caused by the
high-frequency vibrations generated by the linear motor. Figure 2(d) shows the
changes in the open-circuit voltage from 0.4 to 2.0 Hz under the conditions of
H =40mm and A = 11 mm. Simultaneously, we also tested at a frequency of 3.0
Hz and obtained almost the same effect, as shown in Figure S10. Interestingly, we
found that the open-circuit voltage of the sensing unit was maintained at 4.6 V, and
was not affected by frequency. Thus, the higher the loading frequency, the faster the
contact separation of the dielectric material inside the sensing element, and some
electrons accumulated without transfer. Therefore, the short-circuit current increased,
and we determined that the BWS could adapt to the high-frequency state. Then, we
tested the open-circuit voltage under different displacements at f = 0.8 Hz and
H = 40 mm. As shown in Figure 2(e), when the displacement increased from 1.0 to
5.0 mm, the open-circuit voltage of the sensing unit increased from 1.4 to 3.5 V.
Figure S11 shows that the linear relationship between the load displacement and
open-circuit voltage could be expressed as U = 0.51194 + 1.1839, R? = 0.91679.
Figure 2(f) shows the short-circuit current generated by the five different load
displacements at H =40mm and f =0.8Hz. When the contact frequency
increased from 1.0 to 5.0 Hz, the short-circuit current also increased from 1.10 to 3.93
nA. In addition, Figure 2(g) shows the open-circuit voltage generated by different
touch positions at A = 11 mm and f = 0.8 Hz. With decreasing contact height, the
dielectric material in the sensing unit increased the contact area, resulting in an
increase in the number of electronic exchanges and the strength of the electrical
signals. The linear relationship between the contact height and open-circuit voltage
could be expressed as U = —0.02325H + 5.52087, R? = 0.99281, as shown in
Figure S12. Under this condition, the short-circuit current of the sensing unit
increased with decreasing contact height, as shown in Figure 2(h). Furthermore,
Figure 2(i) clearly shows the influence of the load displacement and contact height on
the output signal of the sensing unit, where the voltage output value of the sensing

unit increased with increasing load displacement and decreasing contact height.



Figure S13 shows that the current output value of the sensing unit increased with
increasing load displacement and decreasing contact height. Figure S14 shows the
effect of the load frequency and load displacement on the short-circuit current. In
addition, Figures S15-16 show the effects of the load frequency and contact height on

the open-circuit voltage and short-circuit current.
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Figure 3. Characterization of the sensing unit. (a) Relationship between sensing unit
width and voltage signal output of the BWS. (b) Relationship between the number of
spines and the voltage signal output of the BWS. (c) Relationship between spring
stiffness coefficient and voltage signal output of the BWS. (d) Directional patterns of
the BWS; (e) Relationship between BWS and relative humidity; (f) Durability test
diagram of the BWS.

To further improve the sensing performance of the BWS, Figure 3(a) shows the
effect of the the sensing unit size on the open-circuit voltage signal at H = 130 mm
and A = 11 mm. As the width of the sensing unit increased from 20 to 24 mm, the
open-circuit voltage increased from 2.49 to 4.19 V. This is because the contact area of
the two dielectric materials increases when the BWS was subjected to an external load.
We then, tested the influence of the distance between the dielectric materials on the
output performance of the sensing unit, as shown in Figure S17. The output
performance of the sensing unit decreased with distance. This is because the contact

area and number of transferred charges decreased as the distance between the



dielectric materials increased. Therefore, the output performance of the sensing unit
was reduced. In addition, Figure 3(b) shows the effect of the spine structure on the
performance of the sensing unit, in which we tested three types of sensing units with
different numbers of spines. The open-circuit voltage of a sensing unit without spines
on the inner surface was 2.49 V, whereas that of a sensing unit with four rows and one
column of spines on the inner surface was 3.85 V. Furthermore, the sensing unit with
eight rows and one column of spines on the inner surface produced an open-circuit
voltage of 5.13 V. The increased in the number of spines made the dielectric materials
fully in contact with each other, which caused a larger electrical signal for the sensing
unit. Subsequently, we studied the effects of three memory alloy springs with different
stiffness coefficients on the performance of the BWS. The test was carried out with
displacement Afrom 8 to 17 mm at f = 0.8 Hz and H = 40 mm. Figure 3(c) shows
that the memory alloy spring with a spring stiffness coefficient of 160 N/m had a
better electrical signal output than the other two memory alloy springs (190 N/m and
220 N/m). This is because the deflection degree of the memory alloy spring decreased
as its stiffness coefficient increased. Therefore, the higher the stiffness coefficient, the
smaller the contact area between the two dielectric materials.

Figure 3 (d) shows the voltage signals in different directions for the four sensing
units. The signal output decreased gradually with the deviation in the load direction
from the sensing unit. Therefore, a BWS installed on the platform of an underwater
robot can be used to identify the direction of an external load. Subsequently, the BWS
was placed in an environment where the humidity could be adjusted to test its voltage
output signal, as shown in Figure S18. Figure 3(e) shows that the output voltage of the
BWS remained constant at approximately 4.2 V as the humidity increased from 65 %
to 95 %. Therefore, the sensing unit of the BWS can operate normally in
environments with different humidity levels. Finally, we conducted a durability test of
the BWS, as shown in Figure 3(f). One hundred experimental cycles were performed
under the same experimental conditions. The sensing unit of the BWS generally
maintained a stable output performance, and the voltage value remained at

approximately 4.3 V after a month. In addition, the BWS was tested again for 300



cycles to further verify the stability of its output performance (Figure S19). The BWS
was proven to have a more durable performance.

4. Demonstration of the BWS

4.1 Real-time Control
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Figure 4. Application of the BWS in real-time control. (a) Schematic of the
experimental electronic setup. (b) Electronic module used for controlling
light-emitting diode (LED) lights. (c¢) Demonstration of the BWS as a load switch
control and its corresponding output voltage signal.

A circuit diagram for lighting the light-emitting diodes (LEDS) in the experiment
using the BWS is shown in Figure 4(a). The experimental setup used an Arduino
board to collect signals and process the data. It is noteworthy that there were two
LEDs in each direction, and the number of lighted LEDs indicated the peak voltage
magnitude of the BWS. The operator used different load magnitudes to drive the
whisker rod in four directions, which generated electrical pulses to light up the
corresponding LED. Figure 4(b) shows the experimental electron diagram of the BWS,
taking sensing unit 4 as an example. As shown in Fig. 4(c), when the operator applied
a load to the BWS, the sensing unit generated an electrical signal. Moreover, the
voltage value of the BWS reached the preset trigger value, thus driving the LED light,

where the number of lighted LEDs depended on the magnitude of the peak voltage



(see Supplementary Movie S1). The BWS identified the magnitude of the external
load through the voltage signal, confirming that it had a good environmental sensing
ability.
4.2 External Load Monitoring

To further reflect the monitoring ability of the BWS based on whisker deflection
angle, we designed a visual interface using MATLAB to display the whisker
deflection angle, utilizing the output voltage of the BWS in real time. A logic block
diagram for the monitoring of the whisker deflection angle is shown in Figure 5(a).
When the Arduino collected the output voltage from the BWS, it processed the data in
combination with the previous fitting model, followed by the transmission to the
MATLAB visual interface. Figure 5(b) shows the experimental setup in which the
BWS was fixed on the optical plate, and different external loads were simulated by
adjusting the stroke of the linear motor. Figure 5(c) shows the specific content of the
visual interface image. When the BWS was loaded in different directions, the
corresponding directions displayed real-time information of the load displacement and
whisker deflection angle. Only sensing unit 4 was used for demonstration because the
principles applied for all directions were similar. The BWS exhibited a good

load-sensing ability (see Supplementary Movie S2).
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4.3 Application of the BWS for Reactive Obstacle Avoidance

The BWS was installed on the head of an underwater robot, as shown in Figure
6(a). To demonstrate the reactive obstacle avoidance ability of the underwater robot
equipped with the BWS, we placed a 1.6 m x 0.8 m x 0.8 m water tunnel, assembled
from a transparent acrylic plate in an indoor pool (5 m x 3 m x 2 m), as shown in
Figure 6(b). The locations of the underwater obstacles are shown in Figure 6(c). The
entrance of the water tunnel consisted of Obstacle 1, and the triangular prism on the
upper wall of the water tunnel was Obstacle 2. When the underwater robot moved
towards the entrance of the water tunnel, the BWS first collided with the upper wall of
the water tunnel, generating an electrical signal, then the underwater robot reduced the
dive depth after acquiring this information. After two adjustments, the underwater
robot smoothly entered the water tunnel. When the BWS sensed the Obstacle 2 in the
tunnel, the underwater robot adjusted the diving depth according to the previous
method, and smoothly passing the obstacle. Figure 6(d) shows the specific shape of
the BWS and real-time voltage signal as the underwater robot avoided these two
obstacles. The general environmental information of the water tunnel was recognized
by the BWS (see Supplementary Movie S4). However, the underwater robot could not
recognize the environment at the bottom of the water tunnel because no BWS was
installed at the bottom of the underwater robot. Consequently, the underwater robot
could not recognize and avoid obstacles at the bottom of the water tunnel. Thus, it

could not pass smoothly.
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Figure 6. Experiment with the BWS mounted on underwater robot. (a) - (c) Sensor
configuration and experimental scene layout during reactive obstacle avoidance using
BWS. (d) The BWS output signal for underwater reactive obstacle avoidance.
4.4 Application of the BWS in Underwater Environment Detection

Furthermore, we explored the ability of the BWS to perceive environmental
information. Figure 7(a) shows the specific conditions of the underwater environment
obtained after data analysis, which was conducted by collecting and processing the
electrical signals generated by the BWS. As shown in Figure 7(b), the underwater
robot was operated in the remote guidance mode at the beginning of the mission and
advanced near the water tunnel. When the BWS contacted the upper edge of the water
tunnel, the underwater robot started to detect the environment of the water tunnel at a
constant speed. During the detection process, the non-uniformity of the wall of the
water tunnel was determined based on the rising or falling edge of the signal (see

Supplementary Movie S4). Thus, the experimental results demonstrated that the



underwater robot has a high potential for environmental detection.
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BWS for underwater environment detection. (b) The application of the BWS in
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demonstrated.

5. Conclusions

In this study, a BWS based on a triboelectric nanogenerator was designed and
used as an underwater sensing system for underwater robots. The dielectric material
in the sensing unit generated electrical signals via contact separation. The height,
displacement and frequency of an external load was analyzed by fitting a linear
relationship between it and the electrical signal. In addition, the sensing unit with
spine structure and a spring with a smaller stiffness coefficient improved the sensing
sensitivity of the BWS. The experiments demonstrated that the BWS is durable and
can adapt to complex environments. The BWS was used to control the on/off states of
the light-emitting diodes in different directions, and the external signals generated by
the BWS were displayed in real time using the MATLAB visual interface. The test
results indicate that an underwater robot equipped with the BWS can detect the

surface conditions of underwater tunnels and autonomously avoid the obstacles.



Therefore, this BWS has a high potential for underwater environment perception.

6. Experimental Section

6.1 Preparation of the BWS

The constituent materials of the triboelectric sensing unit included Dragon Skin,
CPP, FEP, and ink. Fifty milliliters of Dragon Skin A and 50 ml of Dragon Skin B in a
ratio of 1:1 were mixed in a Petri dish. Then, the mixture was evacuated to 0.1 MPa
using a vacuum pump. The mixture was poured into a 3D printed mold and allowed to
sit for 24 h. The bottom 3 mm thick silicone substrate and the top 2 mm thick silicone
layer were both made of Dragon Skin. The 1 mm thick commercial product CPP in
the middle was cut into rectangles (30 mm long, 18 mm wide) using a utility knife. A
conductive ink was sprayed on a 0.3 mm thick FEP film, which served as a dielectric
layer. In addition, the silicone rubber joint was made of Dragon Skin, and the top
cover made of polylactic acid was 3D printed. The epoxy base was mixed with a 5:1
curing agent, and the mixture was evacuated to 0.1 MPa with a vacuum pump to
obtain the epoxy base. The carbon fiber rod was then fixed to the top of the octagonal
prism with hot melt glue, and the memory alloy spring was fixed to the bottom of the
octagonal prism. Finally, the epoxy base, waterproof cover, silicone rubber joint, and

acrylic top cover with hexagonal copper pillars.
6.2 Electrical Measurement of the BWS

The surface morphology of the micro-tank structured FEP film of the spray
conductive ink was characterized using a 3D measuring laser microscope. To measure
the electrical signal of the BWS, a collision experiment was performed using an
integrated linear motor (R-LP3). Different loads were simulated using the touchscreen
adjustment parameters on the linear motor. The voltage signal was measured using a
Keithley (6514) electrostatic meter. Ni-6259 was used for data collection. The
software platform was based on LabVIEW build and was implemented for real-time
data acquisition control and analysis. When the BWS collided with an integrated

linear motor, the Keithley electrostatic meter sampled the electrical signal and



transmitted the data to the computer, and visualized the LabVIEW software.
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