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ABSTRACT 

The development of self-healing electrodes tailored for underwater wearable sensors is paramount to broaden their applications 
in aquatic environments. However, autonomous self-healing of flexible electrodes, which encompasses both mechanical and 
electrical performance, remains a formidable challenge. Here, we present the development of a self-healing flexible electrode 
(AgNW–FPU), incorporating Ag nanowires (AgNWs) and a fluorine functionalized polyurethane (FPU) substrate. The FPU 
polymer was designed by systematically adjusting the dynamic bonds and chain mobility to achieve fast self-healing speed and 
efficiency. Higher dynamic bond content and good chain mobility led to the highest self-healing speed, both in air and 
underwater. The introduction of a fluorinated side chain enhanced hydrophobicity, further improving underwater self-healing. The 
AgNW–FPU electrode demonstrated fast underwater self-healing, driven by capillary bridges and enhanced contact between 
fractured nanowires. The AgNW-FPU electrodes were employed in a capacitive pressure sensor, showcasing its potential for 
underwater sensing applications.
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1. INTRODUCTION

The advancement of wearable sensor technology for 

flexible electronics has extended its reach to aquatic 

environments owing to the increasing demand for di-

verse applications in underwater robotics, underwater 

communication, and underwater animal tracking [1-3]. 

However, wearable sensors are susceptible to un-

predictable mechanical damage owing to their soft na-

ture, leading to a reduction in sensing capabilities or 

device failure. Notably, the integration of self-healing 

properties into wearable sensors, enabling structural or 

functional self-healing, is imperative to ensure the 

long-term stability and reliability of these devices [4]. 

Conventionally, water molecule absorption compro-

mises the comprehensive underwater self-healing of 

polymer materials and electrodes owing to disruption 

of the dynamic bonds and conductive layers [5-7]. 

Several strategies have been taken to develop under-

water self-healing polymer substrate and electrodes, 

however, restoring flexible electrodes, which encom-

passes both mechanical and electrical performance, re-

mains a formidable challenge. Thus, the development 

of self-healing electrodes tailored for underwater wear-

able sensors is paramount to broaden their applications 

in aquatic environments. 

Self-healing electrodes can be fabricated by in-
corporating conductive particles into a self-healing 
elastomer or by coating the elastomer surface with a 
conductive layer. For instance, the Bartlett group em-
bedded a liquid metal network into a physically 
cross-linked styrene-isoprene-styrene block copolymer 
matrix, to create a self-healing metal composite materi-
al [8]. Our research group also leveraged a self-healing 

polyurethane (PU) with dynamic disulfide bonds as the 
substrate and coated silver nanowires (AgNWs) on the 
substrate's surface to obtain a flexible electrode capa-
ble of fast self-healing at room temperature [9]. 
However, these approaches are restricted to self-heal-
ing exclusively in ambient air and are ineffective in 
aquatic environments due to the material's vulnerability 
to water molecule ingress, resulting in electrical inter-
ferences and short circuiting [10-11]. A few studies 
have also reported the development of water-in-
sensitive flexible electrodes employing hydrophobic 
and self-healing elastomers as encapsulation layers. 
For instance, the Bao group engineered a flexible 
self-healing electrode comprising liquid metal EGaIn 
as the conductive layer and a hydrophobic self-healing 
PDMS-PU matrix as the encapsulation and support 
layer [12]. Similarly, the Haick group employed a hy-
drophobic and self-healing PU-based elastomer, em-
bedding AgNWs or carbon nanotubes on its surface to 
fabricate a flexible self-healing electrode [13]. 
However, the limited self-healing driving force and 
suboptimal hydrophobic performance led to restricted 
self-healing efficiency and speed in aquatic environ-
ment, hindering the comprehensive restoration of the 
mechanical and electrical performance of the flexible 
electrodes. This limitation even resulted in a partial 
weakening of the sensor performance during prolonged 
recovery processes. 

Herein, we present a self-healable electrode consist-
ing of AgNW percolation network layer embedded in 
the surface of boronate ester-based self-healing PU 
matrix. The electrode composite possesses both struc-
tural and electrical self-healing in both ambient and 
aquatic environments without external stimuli. The PU 
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matrix features dynamic reversible boronate ester 
bonds for underwater self-healing by hydrolysis, and 
hydrophobic domains from high polar fluorocarbon 
groups (C–F), forming a barrier to repel the majority 
of interfacial water molecules [14]. A cut crack can 
quickly and efficiently self-heal in aqueous environ-
ment owing to the effective optimization of the hydro-
phobic domains allowing the ingress of small amount 
of water for effective hydrolysis by the boronate ester 
bonds. Concurrently, the AgNW percolation network 
on the PU’s surface achieved self-healing, facilitated 
by the tractive self-healing force of the PU and capil-
lary bridges formed by water droplets accumulation in 
the micro/nano gaps between AgNWs. Thus, the elec-
trode exhibited sheet resistance as low as 27.2 Ω/sq 
after self-healing, confirming effective restoration of 
electrical properties. Moreover, a mechanosensitive 
pressure sensor device was developed by sandwiching 
an iontronic sensor between two meticulously prepared 
electrodes to validate the electrode performance in 
wearable sensors. This composite electrode not only 
showcased remarkable underwater self-healing capa-
bilities, but also demonstrated its substantial potential 
in the field of underwater sensors.

2. MATERIALS AND METHODS

2.1. Materials

Anhydrous tetrahydrofuran (THF, 99.5%), iso-
phorone diisocyanate (IPDI, 99%), hydroxyl-termi-
nated polybutadiene (HTPB, Mn≈3,000 g mol−1), and 
dibutyltin dilaurate (DBTDL, 98%) were purchased 
from Aladdin (China) and utilized without the need for 
further purification. Additionally, 1-butyl-3-methylim 

idazolium bis(trifluoromethylsulfonyl)imide ([BMIM]+ 

[TFSI]−, 98%), N,N-dimethylformamide (DMF, 99.8%), 
1H,1H,2H,2H-perfluorodecylthiol (PFDT, 97%), and a 
2,2'-azobis(2-methylpropionitrile) (AIBN) solution (0.2M 
in toluene) were purchased from TCI (Korea).

2.2. Design Principle of BPUs

BPUs were synthesized using a one-step polymer-
ization method with GBDB, HTPB, and isophorone 
diisocyanate (IPDI), with dibutyltin dilaurate as a 
catalyst. To design different soft segment and hard 
segment ratios, five variants of GBDB weight were 
specified at 1 g, 1.5 g, 2 g, 2.5 g, and 3 g, re-
spectively, based on a 10g HTPB reference (Supple-
mentary Table S1). Consequently, this process yielded 
five distinct BPUs denoted as BPU-1, BPU-2, BPU-3, 
BPU-4, BPU-5.

2.3. Design Principle of BPUs

In a glovebox saturated with 99.999% Ar, the re-
actants HTPB, chain extender GBDB, catalyst 
DBTDL, and anhydrous THF solvent were introduced 
into a three-necked reactor equipped with a mechanical 
stirrer. Following the complete dissolution of the re-
actants in the solvent, IPDI was introduced using a 
vacuum syringe. The reaction proceeded under heating 
at 65℃ for 6 hours. All reactants maintained a weight 
concentration of 45 wt%, with DBTDL at a weight 
concentration of 1 wt%. The desired product under-
went several washes with methanol, precipitation, and 
subsequent drying in a vacuum oven at 60℃ for 24 
hours, resulting in the formation of BPU (Supplemen-
tary Fig. S1). Similarly, FPU (Supplementary Fig. 
S2(b)) was synthesized under identical conditions as 
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described above except that HTPB was substituted 
with a synthesized mHTPB (comprising C–F group 
functionalization).

2.4. Fabrication of Self-Healing Electrodes

Various concentrations of the AgNW solutions were 
spray-coated (SRC-200 VT, E-FLEX, Korea; nozzle: 
0.05 mm, pressure: 200 mbar) onto a polytetrafluoro-
ethylene (PTFE, Teflon) mold and subjected to a 30 
min heat treatment at 90℃ to ensure the evaporation 
of excess IPA solution, thereby diminishing the resist-
ance between nanowires. Subsequently, self-healable 
PU solution was drop-cast onto the PTFE mold coated 
with AgNW, followed by annealing at 65℃ to transfer 
the AgNW percolation network. The film was then 
peeled off from the PTFE mold to obtain the 
AgNW-FPU composite electrode. The sheet resistance 
was measured using a four-point probe (AiT, CMT- 
100MP). 

2.5. Characterization

The mechanical properties of BPUs at room temper-
ature were investigated using a universal testing ma-
chine (UTM, Instron 5567). Strain rates were con-
trolled at 50 mm min–1 with a dumbbell-shaped speci-
men measuring 35 mm (length), 2 mm (width), and 
approximately 0.5 mm (thickness). Young's modulus 
was determined based on the slope of the stress-strain 
curve (0-5% strain). Water contact angle (WCA) anal-
ysis was performed using a contact angle goniometer 
(OCA25, DataPhysics, Germany). The self-healing ex-
periments were executed under both ambient con-
ditions (20-40% relative humidity) and underwater 
conditions (deionized water) using an optical micro-

scope (Olympus/BX 51TF Instec H601, Japan) and 
Scanning Electron Microscopy (SEM; Apreo S Hivac). 
Thin film samples, with a thickness of 0.2 millimeters, 
were cut into two pieces and reconnected to assess 
self-healing capabilities. To investigate the response of 
the AgNW–FPU electrode-based piezocapacitive sen-
sor, the device was connected to a precision LCR me-
ter (Agilent Keysight Technologies, E4980A) to record 
capacitance changes.

3. RESULTS AND DISCUSSION

3.1. The Design Concept and Fabrication of Self-Healing 
Flexible Electrode for Underwater Sensors

To ensure the stable and secure deployment of 
wearable sensors in aquatic environments, adhesive- 
bonded encapsulation layers are commonly utilized to 
prevent the electrode’s interference from water mole-
cules [15-16]. Notably, self-healing PU elastomers can 
serve as an encapsulation layer without the need for 
adhesives, thereby facilitating high device integration. 
Thus, we developed a self-healing fluorine functional-
ized PU (FPU) elastomer, which not only shielded the 
electrodes and the iontronic sensor from excessive wa-
ter ingress, but also facilitated rapid underwater 
self-healing capabilities (see section 3.2 for details). 
Specifically, we introduced reversible dynamic boronic 
ester bonds and highly polar C–F groups into the PU 
matrix (Fig. 1(a), left side) to achieve a flexible sub-
strate with high self-healing speed by regulating water 
ingress. Upon accidental damage, the crack in the PU 
elastomer undergoes reconnection and self-healing fa-
cilitated by the reversible dynamic bonds and en-
hanced chain mobility. Simultaneously, the conductive 
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AgNW percolation network on the PU elastomer’s sur-
face achieved self-healing owing to the tractive force 
propagated by the self-healing driving force of FPU 
matrix connecting the cracked area [17]. Additionally, 
the regulated water molecules’ entry generated capil-
lary bridges in narrow gaps between neighboring 
AgNW network (Fig. 1(a), right side), which elevated 
the level of aggregation, ensuring effective re-
construction of the conductive network [18]. Fig. 1c 
shows the chemical structure of FPU consisting of side 
chain functionalized C–F groups and boronate ester 

bonds.

3.2. Synthesis and Characterization of Various PUs

The self-healing capability of a flexible substrate 
represents a pivotal performance factor for self-healing 
flexible electrodes. Typically, elastomers comprise 
high chain rigidity and intermolecular interactions to 
achieve excellent mechanical properties [19-20]. 
However, these characteristics are contradictory to the 
high chain mobility required for efficient self-healing. 
Therefore, for applications in wearable sensors, the de-

Fig. 1. (a) Conceptual design principle of underwater self-healing AgNW-FEPU composite flexible electrode. (b) 
Representation of the design chemistry of FEPU.
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velopment of a flexible substrate with rapid self-heal-
ing capabilities while maintaining excellent mechanical 
performance is essential. In our PU structure, dynamic 
bonds originate from the hard segment component, 
glyceryl benzenediborate (GBDB), and chain mobility 
arises from the soft segment component, hydrox-
yl-terminated polybutadiene (HTPB). Achieving boro-
nate-based PU (BPU) with exceptional self-healing 

abilities can be accomplished by adjusting and explor-
ing the factors of dynamic bond content and chain 
mobility. Five BPUs (BPU-1, BPU-2, BPU-3, BPU-4, 
BPU-5) with varying ratios of GBDB/HTPB (Supple-
mentary Table S1), were designed and synthesized as 
outlined in Supplementary Fig. S1. Mechanical tensile 
tests (Fig. 2(a) and Supplementary Table S2) indicate 
a gradual increase in tensile strength and decrease in 

Fig. 2. (a) Mechanical tensile tests of BPUs. (b) Self-healing speeds of the various BPUs in both ambient and 
underwater conditions. (c) Water contact angle of BPUs. (d) The chemistry of the reversible boronate ester 
bonds self-healing mechanisms in ambient and aqueous environments. (e) Self-healing speeds of the BPU-4 and 
FPU in both ambient and underwater conditions. (f) Autonomous self-healing of a scar in air (RH 20–40%) 
and underwater at room temperature, observed under an optical microscope (scale bar 100 µm).
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elongation at break with an increasing content of hard 
segments, emphasizing the contribution of the hard 
segment region as a physical cross-linking point for 
achieving high mechanical properties. Therefore, in 
this system, the reduction in chain mobility of BPUs 
implies an increase in the content of dynamic bonds. 
The calculated self-healing speeds for BPU-1 to 
BPU-5 in air and underwater are depicted in Fig 2b. 
In air, the self-healing speed of various PUs increases 
with the content of dynamic bonds, except for a dras-
tic decrease in BPU-5, with the highest dynamic bond 
content, owing to its relatively low chain mobility. 
Therefore, based on a higher dynamic bond content 
and relatively good chain mobility, BPU-4 achieves 
the highest self-healing speed. It is noteworthy that the 
self-healing speed of all BPUs in water is significantly 
higher than in air (Fig 2(b)). This can be attributed to 
the reversible boronate ester hydrolysis under the in-
fluence of small quantity of water molecules, as facili-
tated by the hydrophobicities of the various PUs (Fig. 
2(c). Nonetheless, in the event of excessive water en-
tering the system, the boronate ester groups experience 
complete hydrolysis or dissociation, resulting in the 
formation of irreversible boronic acids and diols [21]. 
This situation impedes the possibility of re-ester-
ification during the self-healing process. Therefore, it 
is essential to achieve a combined effect of relative 
hydrophobicity in order to control water ingress, which 
is necessary to enable the formation of reversible boro-
nate ester bonds/re-esterification (Fig. 2(d)) and ach-
ieve exceptional self-healing properties in underwater 
conditions. However, increasing the content of HTPB, 
which comprises the hydrophobic component neces-
sary to prevent complete hydrolysis or dissociation of 

boronate esters, results in lower self-healing speed ow-
ing to limited dynamic bonds (Fig. 2(b)).

Therefore, FPU was fabricated by employing a C–F 
side chain engineering approach to enhance hydro-
phobicity while maintaining high dynamic bonds (Fig. 
1(b) and Supplementary Fig. S2). FPU exhibits high 
hydrophobicity due to the high polarity of fluorinated 
groups and their weak interaction with water mole-
cules (Fig. 2(e)). Moreover, as shown in Fig. 2(e), 
compared to BPU-4, FPU exhibits faster self-healing 
speed (5.8 µm/min) in air owing to dipole-dipole inter-
action between fluorinated groups [22]. Additionally, 
FPU demonstrates significantly superior underwater 
self-healing speed (16.2 µm/min) owing to effective 
hydrolysis/re-esterification reaction of boronate ester 
bonds, making it more suitable for the development of 
underwater self-healing flexible electrodes. To evaluate 
the self-healing performance of FPU, the macroscopic 
self-healing process was studied under an optical mi-
croscope in both ambient and aqueous environment. 
As depicted in Fig. 2(f), cut tests were conducted to 
evaluate the autonomous self-healing capabilities. The 
scars disappeared completely within 32 min in air (RH 
20–40%), and within 12 min underwater at room 
temperature. The self-healing speed can be calculated 
using Equation (1):

Self-healing speed=

Notch size (µm) ×100
(1)Self-healing time (min)

3.3. Exploration of the Reconnection Mechanism and Fa-
ctors Influencing the Self-Healing of AgNWs Con-
ductive Network

AgNWs, characterized by their remarkable flexi-
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bility, high conductivity, and excellent solution proc-
essability, have emerged as highly promising candi-
dates for flexible conductive materials [23]. The 
self-healable AgNW–FPU electrodes were fabricated 
through a process involving the spray coating of a 
AgNWs dispersed in acetone, onto a Teflon mold, fol-
lowed by the drop-casting of FPU solution and anneal-
ing under optimized conditions, as depicted in Fig. 3(a). 
This process resulted in the transfer of the AgNW net-
work onto the FPU substrate, which was subsequently 
peeled off from the Teflon mold to form the AgNW–
FPU composite electrode. The electrical properties of 
the AgNW network are influenced by factors such as 

the interconnection between individual nanowires and 
their concentration on the substrate [24]. The electrical 
self-healing of damaged electrodes in air is attributed 
to the reconnection of the conductive network as the 
FPU substrate undergoes self-healing, as illustrated in 
Fig. 3(b). During the healing process, the damaged 
AgNW percolation network achieves reconnection ow-
ing to the tractive force propagated by the self-healing 
driving force of FPU matrix connecting the cracked 
area. The reconnection process of the damaged AgNWs 
network was observed using Scanning Electron Micro-
scopy (SEM). Fig. 3(c) displays cut and healed images 
of the electrode where the clearly bifurcated stacked 

Fig. 3. (a) The fabrication method of self-healable AgNW–FPU electrodes. (b) The mechanism scheme of self-healable 
AgNW–FPU electrodes in air. (c) SEM images of AgNW–FPU electrodes before and after self-healing in air. 
(d) Sheet resistance of AgNW–FPU electrodes with different concentrations of AgNW before and after 
self-healing in air.
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layers of AgNW network achieved reconnection after 
self-healing. 

Additionally, the conductivity of the AgNW net-
work is contingent on its concentration; higher concen-
trations lead to an increased number of AgNWs, re-
sulting in a high-density nanowire network that facili-
tates low sheet resistance. Therefore, various concen-
trations of AgNWs solutions (1.25 mg/mL, 1.875 
mg/mL, 2.5 mg/mL) were prepared to determine the 
lowest sheet resistance of the AgNW network for opti-
mum electrical performance. The electrode with the 
highest concentration of AgNWs exhibited the lowest 

sheet resistance of 16.2 Ω/sq (Fig. 3(d)). Furthermore, 
a self-healed network exhibited sheet resistance of 27.2 
Ω/sq, depicting a minimal change after healing, which 
confirms the successful reconnection of the damaged 
network.

Moreover, the underwater self-healing mechanism of 
the AgNW percolation network was also explored. As 
depicted in Fig. 4(a), following damage to the percola-
tion network, minute water droplets ingress through 
the FPU incision. As the incision gradually disappears 
with the self-healing of the FPU matrix, the dis-
connected conductive network re-establishes contact. 

Fig. 4. (a) The mechanism scheme of self-healable AgNW–FPU electrodes in water. (b) Schematic diagram of capillary 
bridge. (c) SEM images of AgNW–FPU electrodes before and after self-healing in water. (d) Sheet resistance of 
AgNW–FPU electrodes with 2.51 mg/mL of AgNW before and after self-healing in water. (e) Demonstration of 
the electrical self-healing of electrodes in water using an LED.
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Importantly, the minute water droplets accumulated in 
the micro/nano gaps between AgNWs, form capillary 
bridges in the narrow gaps, as illustrated in Fig. 4(b) 
[25]. Capillary forces, driven by Laplace pressure at 
the nanoscale, lead to the aggregation of AgNWs [18]. 
Additionally, droplets reestablish some fractured and 
loose AgNWs, facilitating their reconnection. Therefore, 
compared to self-healing in air, the AgNWs network 
exposed to a small amount of water exhibits stronger 
aggregation and more effective contacts, enabling the 
efficient reconstruction of the conductive network. 
SEM images demonstrate that the originally damaged 
AgNW network exhibits shallower and narrower scars 
after underwater self-healing compared to healing in 
air, confirming the activities of capillary forces in cre-
ating a dense AgNWs network, as shown in Fig. 4(c). 
The minimal difference in sheet resistance before (16.2 
Ω/sq) and after (24.3 Ω/sq) underwater self-healing 
further supports the efficiency of healing of the 
AgNWs network in an aqueous environment (Fig. 
4(d)). Additionally, the electrode was connected to a 
light-emitting diode (LED) to visualize the electrical 
self-healing process. After being cut across the width 
with a sharp blade, the LED intensity dimmed com-
pletely owing to damage to the AgNW percolation 
network. Within 30 s, the LED intensity was restored, 
confirming the self-healing capabilities of the electro-
des (Fig. 4(e)).

   
3.4. Underwater Application Demonstration of a Flexible 

Electrode

To demonstrate the potential underwater applications 
of the AgNW-FPU electrode, we integrated it with an 
iontronic sensor to fabricate a piezocapacitive pressure 

sensitive device. The piezocapacitive device was fab-
ricated by sandwiching the iontronic sensor between 
two deformable self-healing AgNW-FPU electrodes 
(Fig. 5(a)). The iontronic sensor was developed using 
FPU and 30 wt% [BMIM][TFSI] ionic liquid. This 
sensor material exhibits dynamic ion-dipole inter-
actions, stemming from the interaction between high 
polar C–F groups and [BMIM] cation, resulting in a 
dynamic ion trap and release phenomenon, as illus-
trated in Fig. 5(b) [9, 26]. Iontronic sensor materials 
that exhibit trap and release behavior often demon-
strate exceptional sensitivity and high noise immunity, 
enabling a broad pressure sensing range [27]. At 
pre-stimulus, the majority of [BMIM]+[TFSI]− ion 
pairs are trapped to the C–F groups with restricted 
mobility. However, under stimulus such as pressure, 
the device gradually undergoes deformation, reducing 
the distance between the top and bottom electrodes, 
generating a strong electric field as depicted in Fig. 
5(b). This deformation, along with the pressure-in-
duced breaking of ion-dipole interactions, leads to the 
dissociation of ion pairs from the C–F groups, facili-
tating the formation of Electric Double Layer (EDL) at 
the interface between the electrode and electrolyte. The 
mechanosensitive tactile sensor device was connected 
to an LCR meter to assess its underwater sensing ca-
pability, as depicted in Fig. 5(c). Applying light, me-
dium, and strong touch forces generated corresponding 
weak, medium, and strong signals, as demonstrated in 
Fig. 5(d). Even after cutting the sensor with a sin-
gle-edged blade and allowing it to undergo self-heal-
ing, the sensor continued to produce distinct signals 
for the three touch intensities, as shown in Fig. 5(e). 
This underscores the remarkable underwater sensing 
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and self-healing capabilities of the flexible electrode 
and iontronic sensor. These demonstrations highlight 
the significant potential of AgNW–FPU flexible elec-
trodes for underwater wearable sensors.

4. CONCLUSION

In conclusion, we have successfully developed 
self-healing flexible electrode by integrating AgNWs 

Fig. 5. (a) Illustration of AgNW–FPU electrodes-based pressure sensor device architecture comprising of iontronic sensor 
sandwiched between two deformable AgNW–FPU electrodes. (b) At a pre-stimulus condition, ions are trapped 
to C–F groups (trapped state). Under stimulus, iontronic sensor exhibits ion pumping phenomenon owing to 
pressure induced breaking of ion-dipole interactions. (c) Photographs showing the responses upon pressing with 
finger before and after self-healing in water. Sensing responses upon pressing with finger (d) before and (e) 
after self-healing in water.
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with FPU, demonstrating fast self-healing capabilities 
in both air and underwater environments. By adjusting 
the dynamic bond content and enhancing hydropho-
bicity, FPU achieved remarkable self-healing effi-
ciency. The AgNW network exhibited rapid under-
water self-healing, enabled by capillary bridges, and 
improved contact between fractured nanowires, ensur-
ing minimal changes in electrical performance. Fur-
thermore, two AgNW-FPU electrodes were success-
fully integrated into a capacitive pressure sensor, high-
lighting its potential for underwater touch response and 
sensing applications. This research contributes to the 
development of robust and versatile electrodes for the next 
generation of flexible electronics in aquatic environments. 

ABBREVIATIONS

AgNW: Silver nanowire
PU: Polyurethane
FPU: Fluorine functionalized polyurethane
BPU: Boronate-based polyurethane
C–F: Fluorocarbon groups
GBDB: Glyceryl benzenediborate
HTPB: Hydroxyl-terminated polybutadiene
SEM: Scanning Electron Microscopy
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