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Abstract: lonic gels can be potentially used in wearable devices owing to their high humidity resistance and non-volatility.
However, the applicability of existing ionic gel pressure sensors is limited by their low sensitivity. Therefore, it is very import-
ant to develop an ionic gel pressure sensor with high sensitivity and a wide pressure detection range without sacrificing mechan-
ical stretchability and self-healing ability. Herein, we report an effective strategy for developing pressure sensors based on ion-
ic gel composites consisting of high-molecular-weight polymers, ionic liquids, and Au nanoparticles. The resulting capacitive
pressure sensors exhibit high pressure sensitivity, fast response, and excellent self-healing properties. The sensors composed of
highly hydrophobic polymers and ionic liquids can be used to track underwater movements, demonstrating broad application

prospects in human motion state monitoring and underwater mechanical operations.
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1. Introduction

Conductive gel materials have attracted significant atten-
tion in the fields of wearable devices, implantable biosensors,
and artificial intelligencel'-'2 owing to their high conductiv-
ity, flexibility, and biocompatibility!’3-19, Among the gel materi-
als, hydrogel materials are widely concerned and studied.
However, they usually rely on hydrophilic polymer chains and
hydrogen bonds20-24, High humid or temperature environ-
ments may reduce the performance of such materials, and
the volatilization of hydrogel materials in the open air will influ-
ence their long-term stability, which has a negative impact
on its application scenario and lifetimef25-30],

lonic gel is a material consisting of a polymer as a net-
work structure with ionic liquid instead of water filled in
itl29 31, 391 Their unique advantages, such as non-volatility,
high thermal stability, and high electrochemical stability, en-
able the replacement of hydrogel materials with ionic gels in
various applications22 23 32 |n recent years, various
strategies have been developed to improve the properties of
ionic gels, including self-healing ability, flexibility, extensibil-
ity, water resistance, and self-adhesivenessi33-33, For ex-
ample, Wang et all2% obtained a high-strength stretchable ion-
ic gel by randomly copolymerizing two common monomers
with different solubilities in ionic liquids to generate phase-sep-
arated elastic and rigid domains in situ. Li et alB3%! prepared
an extremely durable ionic skin with excellent self-healing per-
formance and high sensitivity by immersing an ionic liquid in-
to a polyurethane network with good mechanical properties.
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Although the above-mentioned research studies have consider-
ably improved the toughness and self-healing properties of
ionic gel materials(23 24 37, their conductivity was not signific-
antly increased, which limited their scalability. Wearable
sensors based on ionic gels are limited owing to the low sensit-
ivity and slow response. The incorporation of conductive
particles into ionic gel materials is an effective method to ad-
dress these issues(38-41],

In this study, we propose a flexible, submersible, and
self-healing pressure sensor based on a novel Au nano-
particle ionic gel composite material. We have selected
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-co-
HFP) as a polar polymer network and (1-ethyl-3-methylim-
idazolium bis(trifluoromethylsulfonyl)imide) (EMI-TFSI) as an
ionic liquid to create highly reversible ion-dipole interac-
tions, which endow the ionic gel with high flexibility and self-
healing properties at room temperaturel33 35 42 A novel in
situ vapor deposition composite method was applied to intro-
duce Au nanoparticles into the gel structure, which is found
to be an effective large-scale production method*3 44, The ion-
ic gel sensor based on the prepared Au nanoparticle compos-
ite operated according to a new capacitive pressure sensing
mechanism. In addition, owing to the use of highly hydro-
phobic polymers and ionic liquids, the sensor fabricated from
the ionic gel was not affected by external humidity even dur-
ing the regular underwater operation. The produced pres-
sure sensor was utilized to measure different water depths, per-
ceive a robot grasping objects underwater, and monitor the
underwater movement of a submarine toy in real time.

2. Methods

2.1. Synthesis process of ionic gel
The fabrication progress is shown in the Fig. 1(c) in de-
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tail. First, 1 g PVDF-co-HFP-5545 (3M Dyneon Fluoroelast-
omer FE) and 0.35 g EMITFSI were dissolved in 4.5 mL N, N-di-
methylformamide (DMF). The mixture was stirred for at least
4 h at room temperature until a transparent and well-dis-
persed solution was obtained. The solution was placed in the
refrigerator for 12 h to remove bubbles and then the solu-
tion was poured into a Petri dish to dry the DMF solvent at
60 °C in a vacuum oven. Afterwards, Au nanoparticles were
composited into ionic gels via evaporation method. The size
and composite concentration of Au nanoparticles were
largely determined by the evaporation rate and thickness,
thus affecting the electrical properties and pressure sensing
properties of the ionic gels. Then 10 g film was re-dissolved
by 50 mL DMF solvent and once again the film was dried in
the oven to obtain the sample sheet.

2.2. Mechanical properties

The tensile and compressive pressure tests of the ionic
gel material are tested at room temperature using the In-
stron fatigue tensile machine. In the tensile test, the shape of
the sample is a rectangular parallelepiped with a thickness of
about 2 mm, a length of about 20 mm and a width of about
10 mm, and the tensile rate is fixed at 10 mm/min. The stress
is calculated by o = F/A,, where Fis the applied force and A,
is the contact area at the beginning.

2.3. Characterization method

All ionic gel materials were cut into thin films with a thick-
ness of approximately T mm for characterization testing. Ultra-
violet absorption spectrum test is tested by UV-3600 ultravi-
olet-visible-near-infrared spectrophotometer, the test range
of absorption spectrum is in the visible range; infrared absorp-
tion spectrum test is determined by Nicolet IS10 infrared spec-
trometer, the measurement range is 500-4000 cm-'; Raman
spectrum test is measured by a Renishaw in Via Raman spectro-
meter, the excitation wavelength is 532 nm, and the scan-
ning range is 100-2000 cm~".

2.4. Determination of pressure capacity type pressure
performance

The compression resistance pressure sensing perform-
ance of the ionic gel material is measured using an imped-
ance analyzer and an Instron fatigue tensile machine. In the
pressure test, the sample was cut into a rectangular paral-
lelepiped with a thickness of about 2 mm and a length of
about 10 cm. Cu electrodes were attached to the upper and
lower surfaces of the ion gel to form a parallel plate capacit-
or. The selected working voltage of the impedance analyzer
is 1V, the working frequency is 10 kHz, and the fatigue
tensile testing machine gradually changes from load 0.1 to
5 N. The pressure of the sample is calculated by P = F/S,
where F is the pressure applied on the surface of the sensor,
and S is the force area of the sensor.

3. Results and discussion

The performance of a gel material is strongly related to
its constitution. The ionic gel fabricated in this study consists
of three main components: a highly polar fluoro-elastomer,
poly (vinylidene fluride-hexafluoropropylene) (PVDF-HFP-
5545); fluorine-rich ionic liquid EMI-TFSI, and Au nano-
particles (Fig. 1(a)). The polymer network PVDF-co-HFP-5545
combines the highly crystalline PVDF with highly polar HFP.

Owing to the ion-dipole interactions between polymer
chains and the ionic liquid, the ionic gel exhibits good self-
healing properties at room temperature. Moreover, because
C-F (carbon-fluorine) bonds are weak hydrogen donors and
acceptors, fluorine-rich ionic gels are rarely affected by water
molecules and can operate in wet and even underwater envir-
onments, which represents a major advantage of ionic gel ma-
terials over the commonly used hydrogen bond-based hydro-
gels' 331, Au nanoparticles are evenly distributed in the gel
via an evaporation deposition route. The uniform doping of
Au nanoparticles is attributed to various factors, such as the
high temperature of the evaporation process, ionic gel mo-
dification effect, and real-time self-healing properties of the
gel at high temperatures.

The addition of Au nanoparticles not only preserves the
good self-healing and tensile properties of the ionic gel but
also changes its electrical properties by increasing the con-
ductive path in the ionic gel structure. This increases the prob-
ability of charge transfer after the application of an external
voltage, which allows the use of gel materials as functional
sensors and flexible electronic devices(2439 (Fig. 1(b)). Specific-
ally, we attribute the ionic gel self-healing properties to the ex-
istence of reversible ionic interactions at room temperature.
Furthermore, the mechanism of pressure sensing can be ex-
plained by the increase in the charge storage capacity caused
by Au nanoparticle addition, which is discussed in more de-
tail in the subsequent sections (Fig. 1(c)).

We propose a new method for the large-area doping of
Au nanoparticles into gels(4-23.37], Fig. 1(d) illustrates the ion-
ic gel fabrication process. First, PVDF-co-HFP-5545 and EMI-TF-
S| were dissolved in dimethylformamide (DMF) and stirred
thoroughly until a transparent and well-dispersed solution
was obtained. This solution was dried in a vacuum oven to pro-
duce a flat gel film, after which gold nanoparticles were intro-
duced into the gel structure through an evaporation method.
Finally, the ionic gel membrane was re-dissolved in DMF and
dried again to obtain a gel sample. A photograph of the ob-
tained ionic gel is presented in Supplementary Fig. S1. It
shows that the ionic gel is highly transparent and contains
Au nanoparticles with the unique faint wine red color. Using
this method, ionic gel membranes can be easily prepared on
a large scale. In addition, we synthesized other metal nano-
particles, such as Cu, Ni, Ag, and Cr, with different colors
(Fig. S2). Compared with traditional nanoparticle fabrication
methods (such as citric acid reduction), the technique util-
ized in this study is simpler and less expensive while en-
abling large-area nanoparticle compositing. The particle size
and vapor deposition distribution density strongly depend
on vaporization rate and thickness. In fact, various evapora-
tion conditions result in ionic gel films with different colors ow-
ing to the different size and density of metal particles, which
strongly affects the ionic gel sensing performance. Therefore,
to maintain consistency of the utilized gel material, the same
evaporation conditions were used to fabricate the functional
layer of the capacitive pressure sensor and preserve its good
self-healing and underwater operational characteristics.

We utilized various characterization methods to analyze
the morphology and composition of the synthesized ionic gel
material. Fig. 2(a) displays typical scanning electron micro-
scopy (SEM) images of the ionic gel. They show that its basic
structure is composed of PVDF-HFP polymer. The ionic li-
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Fig. 1. (Color online) Design and fabrication of transparent, mechanically robust, and ultrastable ionic gels enabled by ionic interactions. (a) Schem-

atic diagram of ionic gel design. (b) Potential applications of ionic gel in different fields. (c) Self-healing and sensing mechanism of ionic gel materi-

als. (d) Schematic diagram of ionic gel synthesis process.

quid is coupled with the polymer network through ionic inter-
actions, and Au nanoparticles are wrapped into polymer
chains, thereby effectively inhibiting the agglomeration of Au
nanoparticles. Fig. 2(b) presents the elemental mapping im-
ages of the ionic gel. It shows that the representative ele-
ments N, S, and Au are uniformly distributed in the material
structure. Among these elements, N and S are the characterist-
ic elements of EMI* cations and TFSI- anions. The transmis-
sion electron microscopy (TEM) image depicted in Fig. S3 dis-
plays the Au nanoparticles with sizes of tens of nanometers.
Owing to the interactions between the ionic gel and ions, the
produced film exhibits distinct hydrophobic characteristics
(Supplementary Fig. S4; note that the ionic gel contact angle
is approximately 110°).

The ultraviolet absorption spectra recorded before and
after the introduction of Au nanoparticles are shown in
Fig. 2(c). After Au incorporation, the absorption peak intens-
ity at 530 nm is significantly enhanced. According to the for-
mula y = 0.786x + 503.53, where y and x represent the intens-
ity of the ultraviolet absorption peak and diameter of Au nano-
particles, respectively, the size of Au nanoparticles is approxim-
ately 30-40 nm. Its magnitude depends on various factors,
such as the current used during vapor deposition, vapor depos-
ition rate, and ion gel film thickness. The same parameters
were consistently utilized during the introduction of Au nano-
particles to achieve the same doping effect.

The infrared absorption spectra presented in Fig. 2(d)
show that the polymer covalent bonds of the ionic gel were
not destroyed after the incorporation of Au nanoparticles.

Therefore, the polymer skeleton inside the ionic gel compo-
sed of basic covalent bonds remained unchanged. Figs. 2(e)
and 2(f) display the Raman absorption spectra of the ionic gel
obtained in the ranges of 2900-3000 and 730-760 cm~', cor-
responding to the characteristic absorption peaks of EMI* vi-
brational bands and the TFSI- expansion contraction mode re-
spectively. By characterizing the nanogel morphology and
composition, we confirmed the chemical components and
their distribution in the ionic gel composite.

The mechanical properties of the ionic gel, including
high strain failure points, Young's modulus, and maximum
tensile stress, are presented in Figs. 2(g) and S5. The compos-
ite mechanical properties did not significantly change after in-
corporating Au nanoparticles. Owing to the ionic dipole mo-
ment interactions between the C-F bonds of PVDF-HFP and
ionic liquid, the ionic gel retained good self-healing character-
istics even at room temperature. A photograph of the self-heal-
ing process is presented in Fig. 2(h). In this experiment, the
gel was cut with a knife, and the produced scratch gradually
disappeared after room temperature storage. Similarly, we
cut the gel with a blade and placed the two pieces attached
to each other into water at room temperature. After some
time, the two gel pieces naturally bonded, and the scratches
gradually disappeared, as shown in the optical microscopy im-
ages obtained at certain intervals (Fig. S6). The self-healing pro-
cess examined from another angle is illustrated by the SEM im-
ages obtained before and after self-healing (Fig. S7). During
the self-healing process, polymer skeletons approach each oth-
er under the action of the ionic dipole moment and ulti-
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Fig. 2. (Color online) Morphology and characterization of ionic gel. (a) Schematic diagram of ionic gel SEM. (b) Element analysis of gel section
slices, respectively showing the uniform distribution of S, N, and Au. (c) UV absorption spectra of ionic gels before and after doping Au nano-
particles. After doping with Au nanoparticles, an obvious peak appears in the band around 530 nm. (d) Comparison of infrared absorption spec-

tra before and after doping Au nanoparticles. There was no change in the covalent bond before and after the Au nanoparticles were recom-

bined. (e, f) Raman spectra before and after doping Au nanoparticles. The Raman spectra in the spectral range 720-780 cm~" corresponding to
EMIM+ vibrational bands. The Raman peak in the range of 720-780 cm~" corresponding to TFSI-anion expansion—contraction mode. (g) Mechanic-
al tensile properties and Young's modulus. The self-healing process of the physical image: (h) The picture above shows self-healing naturally at
room temperature for 3 min, and (i) the picture below shows self-healing under water.

mately become restacked and crosslinked. The current and ca-
pacitance changes measured before and after self-healing are
presented in Figs. S8 and S9 respectively. They show that with-
in a few tens of seconds, the current and capacitance of the
ionic gel recovered to the levels measured before self-heal-
ing. These results confirm that the ionic gel material can rap-
idly self-heal at room temperature without changing its elec-
trical properties.

Cu electrodes were attached to the upper and lower
surfaces of the ionic gel to form a parallel plate capacitor
(Fig. 3(a)). When an external pressure was applied to the
device, its capacitance increased, as indicated by impedan-
ce analyzer readings. Next, we constructed an ionic gel
model to elucidate the capacity pressure sensing mechanism
(Fig. 3(b)). Without an external force, Au nanoparticles and
the EMI-TFSI ionic liquid are disorderly distributed inside the
gel. Macroscopically, the capacitance Cis defined by the for-
mula C = Q/U = eS/4mkd. According to this definition, the ap-
plied external force initiates a charge movement and in-
creases the probability of charge transport by Au nano-
particles. Therefore, the externally applied pressure affects
the dielectric constant & of the ionic gel. As a result, the

charge between the two parallel plates is changed, causing ca-
pacitance variations with the external pressure. From a micro-
scopic perspective, the externally applied pressure produced
two effects: (1) the external force partially disrupted the ionic
interactions between EMI* and TFSI- ions, and (2) the gel com-
ponents were brought closer together. Under the applied
voltage conditions, free electrons are generated on the sur-
face of Au nanoparticles, and the positive and negative ions
separated by the external force are easily captured by Au nano-
particles to form miniature capacitors, which significantly en-
hance the charge storage ability of the dielectric layer. There-
fore, the external force can effectively increase the capacit-
ance of the device, which allows its use as a capacitive pres-
sure sensor.

Because the capacitive pressure sensitivity of the device
is significantly affected by frequency, we measured capacit-
ance changes at different test frequencies (Fig. 3(c)). As the
test frequency increased, the device capacitance gradually de-
creased and stabilized in the high-frequency range. There-
fore, all the subsequent pressure tests were performed at a
test frequency of 10 kHz with a stable capacitance. First, we re-
corded the capacitance change versus frequency curves at
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Fig. 3. (Color online) Pressure sensor performance. (a) Schematic diagram of the structure for capacitive pressure sensor device. (b) Principle mod-
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sensor. (e) Perception of slight pressure. (f, g) Response/recovery speed under 20 Pa and 2 kPa pressure. (h) Continuous testing of different pres-

sures.

different pressures, which showed that at the same fre-
quency, the capacitance was larger when applying larger pres-
sure. Next, typical pressure sensitivity tests were conducted.
Fig. 3(d) displays the pressure sensitivity curve of the capacit-
ive pressure sensor with relatively high pressure values. The
sensitivity of a capacitive-type pressure sensor is defined as
S=6(AC/Cy)/ 6P, where Cand G, represent the measured capa-
citance and initial capacitance before pressure application, re-
spectively. In the pressure range below 10 kPa, the sensitiv-
ity of the capacitive pressure sensor was approximately 0.8
k/Pa. Compared with pure ionic gels, the sensitivity of the
sensor containing composite Au nanoparticles was higher by
two orders of magnitude. Even in the high-pressure range
(above 10 kPa), the pressure sensor maintained the high sensit-
ivity. Fig. 3(e) shows that the pressure sensor exhibits a
strong response to a small pressure, such as 2 and 5 Pa.
Moreover, 2 and 5 Pa pressure can be clearly distinguished, in-
dicating its broad detection range and discrimination. Mean-
while, the capacitive pressure sensor also demonstrated high
response speed. After applying both a small pressure of 20
Pa or large pressure of 2 kPa, the sensor rapidly responded
within 100 ms (Figs. 3(e) and 3(g)). Fig. 3(h) further indicates
that the sensor exhibits high continuous operating stability
and distinguishability under various pressure conditions.

To confirm the feasibility of the large-area vapor depos-
ition of composite Au nanoparticles, the ionic gel fabricated

RY Yin et al.: Self-healing Au/PVDF-HFP composite ionic gel for flexible underwater pressure

via the vapor deposition method was compared with the ion-
ic gel obtained by physically mixing Au nanoparticles synthes-
ized through the direct citric acid reduction in the gel. Evaluat-
ing the pressure-sensing devices fabricated from both gels,
their properties were very similar, indicating that the vapor de-
position of Au nanoparticles was a feasible preparation meth-
od (Fig. S10). The influences of evaporation rate and evapora-
tion thickness on the pressure sensing performance dis-
cussed above are illustrated in Fig. S11. At the same external
pressure, the higher the evaporation thickness and evapora-
tion rate, the larger the sensor capacitance change and high-
er the pressure sensitivity. To verify that evaporating metal
nanoparticles into the ionic gel was a universal and effective
preparation method, we fabricated capacitive pressure
sensors by vaporizing other metal nanoparticles. For ex-
ample, Fig. S12 describes the performance of the pressure
sensor composed of Ag nanoparticles, which confirms the uni-
versality of the vapor deposition method for manufacturing
pressure sensors from metal nanoparticles and ionic gels.

We used the ionic gel as a capacitive pressure sensor ac-
complishing high sensitivity and stable performance. In addi-
tion, the prepared gel demonstrated high application poten-
tial in sensing other parameters. Fig. S13 illustrates its use as
a resistive pressure sensor (with a structure identical to that
of the pressure sensor containing Au nanoparticles). After ap-
plying a pressure of 2 kPa, the sensor resistance increased by

......



6 Journal of Semiconductors doi: 10.1088/1674-4926/44/3/032602

Flextronics Group

1.Pressure sensor
2.Circuit Bluetooth Module Stop
3.Mobile Phone App

(c)
100
80
2
& & S -
s60d [ © é& T | LSNPS I
< (-]
U:. (-]
N} ° e
J 40
(-]
204 e (-]
,e e
(]
0 r) 3 .
0 10 20 30 40

Time (s)

Normal Underwater After self-healing

AC/C, (%)
g
D>
N

Time (s)
1004 bend
—
80+
o
© @
43l &8 el fs
— o I 1
goq e | 8 ¢l & 3| 3| ¢
£71 4 gl ]
o o
S 14 l
Lol °
] 40 °
o
20 4 2 %49 %0
o o
o | a
0 @ | @ ol o an  an Qo)
0 10 20 30 40
Time (s)

Fig. 4. (Color online) Simple application in life. (a) Schematic diagram of the device used for underwater testing. (b) 2 kPa pressure perception un-
der three different conditions (normal, underwater and after self-healing). (c) Finger bending perception. (d) Arm movement perception.

more than an order of magnitude. As discussed above, the ad-
dition of Au nanoparticles increases the probability of charge
transport as compared with that of the pure ionic gel,
thereby changing the current passing through the device
(Fig. S14). Furthermore, Fig. S15 suggests that the device pos-
sesses good non-contact characteristics. As a human finger
gradually approached the device from a certain distance, its ca-
pacitance gradually decreased unlike the increase in capacit-
ance observed after increasing the external pressure. This phe-
nomenon might be due to the electrostatic polarization of
the ionic gel caused by the close proximity to the human skin
and other charged objects, which was assisted by Au nano-
particles, confirming the applicability of the gel material as a
non-contact device after further optimization. The obtained
results demonstrate the high potential of the produced ionic
gel for multi-field sensing and multi-functional integration.

By employing the fabricated capacitive pressure sensor,
we performed some daily-life experiments and further demon-
strated the unique characteristics of the new ionic gel materi-
al, rendering it suitable for underwater applications. We used
the circuit design depicted in Fig. 4(a) to transfer pressure sig-
nal changes of the device operating underwater to a mobile
application. The utilized circuit system was divided into three
parts: a pressure sensor, Bluetooth module, and mobile
phone application. The capacitive pressure sensor was encap-
sulated by the same ionic gel material without adding Au nan-
oparticles to maintain its self-healing properties.

Owing to the high adhesion and good self-healing charac-
teristics of the ion gel material, the internal pressure sensor

was tightly sealed. Because the polymer chains in the ionic
gel structure mainly consisted of C-F bonds, it was weakly af-
fected by the hydrogen atoms of water molecules; therefore,
the sensor could normally function and even self-heal in under-
water environments. The Bluetooth circuit module outputs a
certain frequency of alternating current to the sealed pres-
sure sensor through Cu conductors coated with insulated
enameled wires. Meanwhile, capacitance changes of the pres-
sure sensor were detected by attaching Cu wires to the
Bluetooth module for analysis and processing and were fi-
nally displayed on the mobile phone application. This design
was employed for all the subsequent demonstrations.

After adopting this system, we first applied the same pres-
sure of 2 kPa to the pressure sensor under three different con-
ditions (normal operation, underwater, and after self-healing)
to verify that the sensor maintained similar pressure sensitivit-
ies (Fig. 4(b)). No apparent capacitance variations were ob-
served between the three cases, suggesting that the pro-
posed sensor could be used for pressure measurements un-
der different conditions. Similar to traditional pressure
sensors, we attached the device to the human body to de-
tect changes in its motion state. Figs. 4(c) and 4(d) show the
schematics of the capacitance changes measured during sens-
ing the movements of a human finger and wrist, respectively.
When the human finger or wrist was bent or moved, a cer-
tain stress was generated in the pressure sensor structure,
which changed the device capacitance. The obtained results re-
vealed that when the finger and wrist were continuously
bent at the same angle, the capacitance values presented in
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Fig. 5. (Color online) Practical underwater display. Perception of different water depths according to different water pressures. (a) Water depth
measurement according to the proportional relationship between water pressure and water depth. (b) Continuous testing at the same water
depth. Submarine diving and ascent process underwater (The sensor is attached to the palm of the robotic claw). (c) The sensor capacitance
changes during the diving and ascent of the submarine. (d) The sensor capacitance changes when the submarine continuously dives/floats to a
certain depth. Manipulator grabbing objects underwater (the sensor is attached to the head of submarine toy). (e) The capacitance of the pres-
sure sensor changes when the mechanical gripper stays in different water depths. (f) The capacitance of the pressure sensor changes when the

mechanical claw grabs an object underwater.

Figs. 4(c) and 4(d) changed accordingly. This property can be
potentially used to monitor the respiration, pulse, and hu-
man motion status in future studies.

In general, pressure sensors that can be employed to
measure the underwater pressure and water depth and exhib-
it good self-healing properties have broad application pro-
spects in the fields of human motion state monitoring, under-
water mechanical operations, and artificial intelligence. To veri-
fy the applicability of the fabricated pressure sensor in these
fields, we conducted two practical demonstrations. First, the
sensor was utilized to monitor the state of human move-
ment underwater. At the same time, it was also employed for
water depth testing. According to the formula P = pgh

RY Yin et al.: Self-healing Au/PVDF-HFP composite ionic gel for flexible underwater pressure

(where P, p, and h represent the water pressure, liquid dens-
ity, and water depth, respectively), the water pressure is pro-
portional to the water depth. Based on this relationship, we
measured the water depth in the beaker on the volume scale
from 0 to 90 mL (Fig. 5(a)). Different water pressures pro-
duced different capacitance values, which confirmed the
feasibility of using the sensor for underwater applications.
Fig. 5(b) describes the reproducibility of the water depth pres-
sure measurement results. The measured capacitance
changes after repeatedly pouring the same amount of deion-
ized water were maintained at approximately the same maxim-
um values in the successive experiments, which indicated
that the fabricated device exhibited high stability during con-

......
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tinuous underwater testing.

Utilizing a mechanical manipulator to grab objects under-
water to simulate mechanical operations that might be per-
formed during industrial production and in real life (Fig. 5).
For this purpose, we attached the fabricated gel device to
the gripper of the manipulator and allowed the manipulator
to go underwater and grab an object. As the mechanical grip-
per entered the water and gradually descended, the real-time
capacitance displayed on the mobile phone application in-
creased owing to the increased water pressure. Fig. 5(c)
shows the capacitance changes observed during the gradual
descending and ascending of the manipulator. The manipulat-
or remained at water depths of 20, 40, and 60 cm for certain
periods, and the measured capacitance values were consist-
ent with the device positions. Furthermore, we ordered the
manipulator to grab an iron ball in the water while monitor-
ing capacitance changes (Fig. 5(d)). In this scenario, the manip-
ulator first dived to the object depth. After grabbing the ob-
ject underwater and holding it for a short period, the manipu-
lator released the object and floated to the surface. This en-
tire process confirms that by measuring capacitance changes,
the manipulator operating state can be monitored underwa-
terin real time.

In the second experiment, the movements of a submar-
ine toy diving underwater were examined. For this purpose,
we attached the ionic gel sensor to the surface of the submar-
ine's head and then monitored the submarine state by mea-
suring changes in the ionic gel capacitance. As shown in
Fig. 5(e), the sensor capacitance increased when the submar-
ine was placed on the water surface. The submarine gradu-
ally descended and remained at a fixed depth for some time,
after which it rose to the surface. As discussed earlier, the sub-
marine depth can be determined from the capacitance value
displayed on the mobile phone application. After the submar-
ine floated, the sensor capacitance returned to its original
value (Fig. 5(f)). These results confirmed that the ionic gel pres-
sure sensor successfully operated underwater and was able
to monitor the motion state of the submarine.

4, Conclusion

To overcome the shortcomings of traditional pressure
sensors and the currently used flexible wearable devices, we
examined the properties of skin-like ionic gel materials and in-
novatively incorporated metal nanoparticles into ionic gels
through metal vapor deposition. As a result, a pressure
sensor with high flexibility, stretchability, conductivity, and
self-healing performance was successfully constructed. This
sensor exhibited a high pressure sensitivity of 0.8 k/Pa with a
novel operational mechanism. It also demonstrated good
self-healing performance, which allows its potential applica-
tions in various complex environments, including underwa-
ter operations.
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