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Recyclable self-secreting autonomous
healing dielectrics for millisecond water
quality sensing

MengmengLiu1,2,9, HongchenGuo 1,2,9, Yu JunTan 1,2,3, KeluYu1,2,QiyeGuan4,
EvgenyZamburg 5,WenCheng 1,2, XinyuWang1,2, Lili Zhou1,HaimingChen 1,
Yunxia Jin2, Xu Cheng1,2, Fang-Cheng Liang 1, Baoshan Tang5,
Hashina Parveen Anwar Ali1,2, Jingyi Yang 1,2, Chaobin He 1, Yongqing Cai 4,
Aaron Voon-Yew Thean 5, Zhong Lin Wang 6,7 & Benjamin C. K. Tee 1,2,5,8

Developing a sustainable, in-situ responsive sensing method for continuously
monitoring water quality is crucial for water use and quality management
globally. Conventional water quality monitoring sensors face challenges in
achieving ultrafast response time and are non-recyclable. We present a self-
assembly approach for a closed-loop recyclable, autonomous self-healing and
transparent dielectric material with nanostructured amphiphobic surfaces
(termed ‘ReSURF’). Our approach uses tribo-negative small molecules that
spontaneously secrete onto the surface of the fluorine dielectric matrix via
biomimetic microphase separation within minutes. ReSURF devices achieve
millisecond water quality sensing response time (~6ms), high signal-to-noise
ratio (~30.7 dB) and can withstand large mechanical deformations (>760%,
maximum of 1000% strain). We show ReSURF can be readily closed-loop
recycled for reuse, underscoring its versatility. We further demonstrated its
use in a soft stretchable fish-like robot for real-time water contamination
(including perfluorooctanoic acid, a member of per- and polyfluoroalkyl sub-
stances (PFAS) and oily pollutants) assessments.

Water quality greatly impacts food security, agriculture, industries and
urbanization. 3 billion people globally are experiencing water inse-
curity risk due to a lackofwater qualitymonitoring data1.WorldHealth
Organization (WHO) suggested that operational water quality mon-
itoring must be simple: rapid tests (e.g., onsite testing equipment) or
online (continuous) monitoring instrumentation, so that corrective
action can be taken promptly2. Conventional ways of obtaining such
data areoff-site and institution-based, requiring sample transportation

and centralized laboratories. On-site real-time surveillance with net-
worked electronic devices3–6 to monitor real-time transient water
quality changes are limited by responsive water quality sensors. Thus,
developing in-situ fast-response sensors7 will advance water quality
management surveillance options.

Electrochemical sensors and optical sensors have been developed
for water quality monitoring, but they are either lab-based or exhibit
slow time response8. Biosensors with encapsulation can achieve in-situ
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real-timewater contamination detection, yet they have a similarly long
response period of hours9. These slow responses were limited by the
analyte mass transportation/reaction rate or the protein expression
speed10,11. Moreover, to achieve a high signal-to-noise ratio (SNR),
sample pre-treatments or long incubation time (>0.5 hr) are
required12,13. The potential for recyclability was also not described in
these devices.

To address these challenges, droplet-based triboelectric nano-
generators (TENGs) have potential for in-situ continuous monitoring.
In such devices, TENGs generate transient peak signals based on rapid
contact events and interfacial charge flows. This property has been
explored for harvesting dynamic energies, real-time sensing and
signaling14–18. Recent breakthroughs in triboelectric technology enable
its utilization for water quality improvement, achieving over 99.9999%
bacteria and virus inactivation within a few minutes (<10min) of
walking19. When water droplets impact the hydrophobic TENG
dielectric surface from a height, they will first spread and slip away. As
they do so, the interfacial charge transportation and power generation
occur within milliseconds20. We can harness such ultrafast process to
achieve continuous water quality (salinity) sensing when the target
analytes contact the TENG dielectric surface due to the polarities of
different ions or molecules21.

Possessing an amphiphobic surface is crucial for real-time water
quality monitoring. Hydrophobic/superhydrophobic surfaces allow

continuous refreshment in contact with flowing water, thereby facil-
itating faster response times for continuous and rapid sensing and
energy-harvesting. Water contaminations typically include both aqu-
eous and organic phases (e.g., water pollution from oil spills), thus
developing an amphiphobic and recyclable surface that allows for the
timely shedding of liquid is desired.

Generating hydrophobic and amphiphobic surfaces are common
strategies adoptedby nature againstwater or oil ingressions. These are
often generated through biologicalmicrostructures such as squama in
butterfly wings or oily secretions such as sebum on human skins22–24

(Fig. 1a). Conventionally, oily secretions could be trapped within a
porous matrix, but they do not automatically migrate to the surface.

Instead, we developed a ‘bottom-up’ self-assembly approach25

within a non-porous soft composite material matrix that employs
microphase separation to automatically initiate the secretion process.
We termed this artificial closed-loop recyclable and self-healing com-
posite material with amphiphobic surfaces for ultrafast water quality
sensing as ‘ReSURF’.

ReSURF consists of microphase-separation of low-surface-energy
fluorinated micro/nano-islands of 1H,1H,2H,2H-perfluorodecyltrime
thoxysilane (FAS) self-secreted onto the outermost layer. The base
polymer is made with poly(vinylidene fluoride-co-hexafluorop
ropylene) (P(VDF-HFP)) while the islands are made from fluorinated
FAS. The microphase separation is rapid and occurs within 120 s. We
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Fig. 1 | Concept and design of ReSURF by microphase separation. a Schematic
illustration showing the fabrication of ReSURF.b Schematic illustration of a ternary
phase diagram. Triggered by solvent evaporation, the systemmicro-separates into
a 1H,1H,2H,2H-perfluorodecyltrimethoxysilane (FAS) surface structure-rich domain
and a polymer-rich domain, with the surface microphases self-assembling into
versatile and highly tunable morphologies. The FAS surface microphase sub-
stantially increases surface roughness and hydrophobicity, while the underlying

polymer matrix endows ReSURF with softness, stretchability, and a high κ. Both
domains not only play distinct roles in this system but also synergize with each
other to enhance device performance. c SEM images comparing the surface mor-
phology of the 2.5 wt% FAS material with pure poly(vinylidene fluoride-co-hexa-
fluoropropylene) (P(VDF-HFP)). The left image shows that the contact angle
increases with the surface structure of FAS.
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found that the FAS does not release into the surroundings due to the
strong dipole interactions. Such a design increases the hydrophobicity
without sacrificing its recyclability and healable attributes.

The ReSURFmaterial can subsequently be used as a sensor device
through the aforementioned droplet-based triboelectric effects.
Compared to a pure P(VDF-HFP) droplet-based TENG device, our
ReSURF-TENG devices (at 5wt% FAS) showed a 330% improvement in
output voltage performance, generating a high output voltage of
115.3 V and a current density of 17.6mAm−2.

The ReSURF low-surface-energy can shed water rapidly from the
surface without the formation of liquid film, enabling sensor response
in ~6ms with a high SNR of 30.7 dB. We also found that the ReSURF-
TENG devices exhibited repeatable, autonomous self-healing from
physical and even laser damage (puncture/cutting) to their output
generation and mechanical properties. We manifested a use case
where ReSURF-TENG devices incorporated into soft robot fishes could
submerge or float on the water surface frequently for in-situ water
quality sensing.

Results
Design of ReSURF material and underlying mechanism
Pure P(VDF-HFP) is a hydrophobic polymer with high permittivity (κ)
due to its high fluorine content. Poly(2,2,2-trifluoroethyl acrylate)
(PTFEA) is also a fluorinated polymer with high self-healing properties.
To increase surface roughness while reducing surface energy, we
incorporated a small amountoffluorinated FAS into thefluoropolymer
matrix (Methods). All the polymers contain CF3 dipoles, maximizing
dynamic dipole–dipole interactions for closed-loop recycling proper-
ties (Fig. 1a).

Unlike previous studies on microphase separation in infused
materials or block copolymers (BCPs), most of which typically form
porous internal structures, ReSURF introduces the concept of a bio-
mimetic microphase separation surface (Fig. 1a). FAS is spontaneously
secreted from within the material to the surface, where it self-
assembles into a micro- to nanoscale low surface energy topography,
representing an unexplored phenomenon.

We directly observed the surface microphase-separating process
via opticalmicroscopy (Supplementary Fig. 1, SupplementaryMovie 1).
Scanning electronmicroscopy (SEM) images at high-magnification and
energy dispersive X-ray spectroscopy (EDS) elemental mapping fur-
ther confirm the island-like FAS surface structure (Supplemen-
tary Fig. 2).

How could such distinct microphase separation occur even
when both the polymer and FAS are fluorine-rich materials?
Herein, we propose a mechanism for the fluorinated surface
system. We schematically illustrated a ternary phase diagram
(polymer, FAS and solvent) to show the evolution of surface
structure formation (Fig. 1b). Microphase separation is triggered
by solvent evaporation and ultimately forms polymer-rich
domains and surface FAS-rich domains, driven by the minimiza-
tion of surface energy (Fig. 1b and Supplementary Note 1; see
density functional theory (DFT) calculations in Supplementary
Fig. 39 and Supplementary Table 4).

Initially, FAS molecules aggregated into nanoscale aggregation
and gradually grow over time (see dynamic light scattering (DLS)
test in Supplementary Fig. 3). As solvent evaporation progresses,
the concentrations of polymer and FAS gradually increase until
a threshold is reached, resulting in a nonequilibrium state that
causes the FAS to undergo microphase separation, effectively self-
secreting onto the material surface26. In striking contrast to pre-
vious classical processes, ReSURF microphase separation exhibits
directional transport of FAS onto the surface rather than confine-
ment within the interior (see cross-sectional SEM images in Sup-
plementary Fig. 4 and X-ray micro–computed tomography (μ-CT)
scan reconstructions in Supplementary Fig. 40 and 41). Once the

solvent has fully evaporated, solid islands with versatile morphol-
ogies rapidly self-assemble on the surface.

We observed that the surface microscopic morphology can be
adjusted by varying the FAS concentration. The microphase-
separation phenomenon is not obvious with the FAS concentration
below 1wt% (Supplementary Fig. 5). When the concentration of FAS
increased to 2.5wt% and 5wt%, microphase separation occurs on the
sample surface. The distributions of the microphase-separated struc-
tures indicate that themean sizes of themicro/nanostructures at 2.5 wt
% and 5wt% FAS are ~50–70 µm and 60–80 µm, respectively, as shown
in Supplementary Figs. 5 and 6.

At a higher FAS concentration of 10wt%, the FAS microphases
expand and elongate27. Herein, the microscopic topography follows a
well-defined trend: it can be tuned by FAS concentration. Upon
reaching a concentration of 20wt%, the FAS domains saturate and
cover almost all surfaces.

Figure 1c shows the images of the surface micro/nanostructure of
2.5 wt% FAS ReSURF material compared with pure P(VDF-HFP). When
the FAS concentration increases from 0 to 2.5wt%, the contact angle
increases from 95.9° to 142.4°. The increased hydrophobicity is
attributed to the increase in roughness of low-surface-energy FAS
islands.

Following Cassie-Baxter model28, the hierarchical FAS structure
leads to a trapped air layer with a reduction in the contact area with
water, which improves its hydrophobicity, and the liquid-wetting state
changes to the Cassie-Baxter state29. After complete solvent evapora-
tion, FAS molecules undergo polymerization to form solid islands,
exhibiting an elastic modulus of ~102.20MPa (Supplementary Fig. 7).

This composite surface can be applied to various substrates to
form a hydrophobic layer (Supplementary Figs. 8, 9). In addition
to plain substrates, ReSURF can also be applied to porous substrates to
fabricate a superhydrophobic surface (contact angle: ~157.0°), as
shown in Supplementary Fig. 10. Compared to previously reported
combinations of P(VDF-HFP) and FAS for printing, electrospinning, or
other hydrophobic materials, ReSURF demonstrates high hydro-
phobicity alongside recyclability, transparency, and self-healing
properties (Supplementary Fig. 10, Supplementary Table 1). More-
over, the method is facile, tunable and does not require complex
interfacial engineering.

ReSURF can be applied to a self-healing TENG device for ultrafast
water quality monitoring and droplet energy harvesting. The design
consists of three layers for the self-healablewater-droplet sensor: a top
self-healing ionogel electrode in contact with water droplets, a low-
surface-energy dielectric for timely shedding of liquid and an ionogel
back electrode (Supplementary Fig. 11). When the droplet impacts the
amphiphobic surface, the interaction between the water and ReSURF
induces a charged ReSURF-based capacitor; when the droplet slides
down and contacts the top ionogel electrode, the ReSURF-based
capacitor is discharged, and a voltage/current peak is generated
(Supplementary Fig. 12).

Compared with conventional single-electrode devices, our device
shows superior output (output voltage performance improved by 12.3
times)30 and is comparable to state-of-the-art water droplet energy
devices (Supplementary Table 2). This improved performance is
attributed to the hierarchical fluorine-rich micro-/nanostructured
surface.

Surface potential and output performance of droplet-based
ReSURF sensor
Atomic force microscopy (AFM) and Kelvin probe force microscopy
(KPFM) were used to quantify the surface topography and surface
potential difference (Fig. 2a, b). The microphase-separated FAS struc-
tureswere further confirmed by the AFMphase images (Fig. 2b, c). The
height of the 2.5 wt% FAS microstructure is around 300–500nm, as
shown in the AFM image (Supplementary Fig. 11). Each micro-island
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exhibits a hierarchical surface with nano-islands, significantly
improving surface roughness and hydrophobicity (Fig. 2c, Supple-
mentary Fig. 13). Increasing the FAS concentration to 5wt% resulted in
a greater structure height (1.2–1.8 µm), and the nanostructures tended
to aggregate more closely (Supplementary Fig. 14).

To demonstrate whether the fluorinated FAS hydrophobic struc-
ture can lead to superior electrical performance, we compared the
output performance of droplet-based pure P(VDF-HFP) and ReSURF-
TENGs. As illustrated in Fig. 2e, f, when the FAS concentration
increased from0 to 5wt%, the peak output voltage (current) increased
from 34.7 V (7.0mAm−²) to 115.3 V (17.6mAm−²). The addition of
a small amount of FAS, at 1 and 2.5wt%, dramatically increased
the output voltages by 2.9 and 3.3 times, respectively, compared to the
pure P(VDF-HFP) device (Supplementary Fig. 15). Benefiting from the
amphiphobic surface that allows for timely water droplet shedding,

the response time of the ReSURF sensor is ~6ms (Fig. 2f, and Supple-
mentary Fig 16, Supplementary Movie 2), a one-order-of-magnitude
improvement over state-of-the-art water quality sensors (Supplemen-
tary Table 3). The amphiphobic surface and fast response make ReS-
URF a promising candidate for in-situ water quality monitoring.

To gain further insight into the output performance improve-
ment, KPFM was used to characterize the surface energy of the
material. For the pristine P(VDF-HFP), the surface potential was cal-
culated tobe −0.97 V (Fig. 2a). The surfacepotential couldbe shifted to
−1.64 V with the fluorinated FAS concentration increasing to 5wt% (for
2.5 wt% FAS sample, −1.61 V), suggesting a more tribo-negative and
stronger capability to attract and transfer electrons during the droplet
spreading process than that of pure P(VDF-HFP) (Fig. 2a, Supplemen-
tary Fig. 17). The results were consistent with the output performance
of the device at different FAS concentrations. With the fluorine-rich
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rate microphase separation. c Zoomed-in AFM height images of the self-assembled
nanoscale domains within an island-like structure (2.5 wt% FAS). d Comparison of
thedielectric constants of ReSURF (2.5 wt%FAS)with thoseoffluorinated andother
soft dielectric materials (PDMS: polydimethylsiloxane, PTFE: polytetra-
fluoroethylene, FEP: fluorinated ethylene propylene). Data are presented as mean

values and the error bars represent the standard deviation from three devices
(N= 3). e, f Output current of the device with increasing the concentration of FAS.
The inset of (f) illustrates the droplet contacting (left) and separating (right) from
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main polymer and fluorinated FAS surface, the ReSURF material
exhibits a lower surface potential than the commonly soft silicone
materials31. Another reason for the performance improvement is the
amphiphobic surface formed by the secretion of FAS. The hydro-
phobic hierarchical structure minimizes the water contact area, opti-
mizing charge accumulation at the solid-liquid interface. Its ‘lotus
effect’ promotes rapid liquid shedding and facilitates droplet detach-
ment, ensuring a stable output (Supplementary Figs. 9–11). In addition,
the ReSURF material exhibits a high dielectric constant (κ) value
(Fig. 2d, ~3 times higher than that of common polytetrafluoroethylene
(PTFE) andfluorinated ethylene propylene (FEP) dielectrics in the same
frequency range), led to the superior output of the droplet-based
TENG device due to high-κ charge capacity.

The output amplitude increases with the water dripping height
(Supplementary Fig. 18, and Supplementary Figs. 42–44). Device per-
formance with different setup geometries (tilt angle and ionogel
volume) is shown in Supplementary Note 4. The transferred charges of
the ReSURF-TENG (2.5wt% FAS) were around 10.5 nC (Supplementary
Fig. 19). By varying the external resistance, the maximum output areal

power densitywasmeasured to be ~0.93Wm−2 at amatched resistance
of about 430 kΩ (Supplementary Fig. 19b). We tested the droplet-
based device for 2000 cycles, and the output voltage of the device
showed almost no significant changes (Supplementary Fig. 19c).

Self-healing and closed-loop recyclability
The dynamicmechanical analysis (DMA) tests showed that the storage
modulus of the dielectric material is higher than the loss modulus,
indicating that the elastic component of the modulus dominates the
viscous behavior (Supplementary Fig. 20a). ReSURF shows a low glass
transition temperature (Tg) of −24 °C (Supplementary Fig. 20b). FTIR
spectra were used to compare ReSURF with different FAS concentra-
tions (Supplementary Fig. 20c). The presence of FAS in the dielectric
material can be identified from the strong characteristic peaks at
1145.6 cm−¹ and 1198.6 cm−¹.

Figure 3a shows the microscopic images of the laser-scribed
merlion pattern on the material. The laser tool was employed to
induce controlled and repeatable damage, and at higher power set-
tings, it resulted in carbonization. The scar gradually disappeared
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over time at room temperature without any intervention (Supple-
mentary Figs. 21, 22). The mechanical properties of the material
recovered quickly after cutting. After 10min of healing at room
temperature, the ultimate tensile strength was restored to 73% of the
pristine state, and the toughness increased with time (Fig. 3b). The
high self-healing performance is attributed to the dipole-dipole
interactions between the PVDF-HFP and PTFEA (Fig. 3c). In addition,
the low Tg of ReSURF enhances the mobility of the polymer chains,
thus facilitating its self-healing properties. The dielectric material
and device can also self-heal after puncture (34 G needle) or plasma
damage (Fig. 3d, and Supplementary Fig. 23). The soft device can
work normally after healing with multiple punctures and cut dama-
ges (Fig. 3e, Supplementary Movie 3).

Thanks to its solubility in solvents and dynamic dipole-dipole
interaction within the polymer matrix, the material can be readily
recycled (Fig. 3f, and Supplementary Fig. 24, SupplementaryMovie 4).
Theoretically, such a simple closed-loop recycling strategy can endow
ReSURF with an infinite lifecycle, potentially minimizing waste gen-
eration and environmental pollution. FTIR spectra of pristine and
recycled ReSURF showed no significant chemical damage to the
material (Fig. 3g). The stress-strain curves of the recycled material
show excellent closed-loop recycling and reprocessing ability (max-
imum strain: ~1000%, Fig. 3h). The recyclability aspect aligns with
sustainable practices, reducing the need for virgin materials and pro-
moting resource conservation.

For real-world applications, the primary challenge in recycling is
the separation of different materials. The selective solubility of ReS-
URF in solvents such as acetone allows for effective separation from
substrates like copper or silicon. Acetone dissolves the ReSURF
material while leaving the substrate intact, facilitating separation
through filtration.

Mobile, non-polymeric fluorocarbons are of increasing concern
due to their potential environmental impact, particularly their high
mobility. After complete phase separation, the FAS component
undergoes polymerization, transforming into a solid-state material.
This transformation enhances its stability and reduces its environ-
mental mobility compared to free, non-polymeric fluorocarbons.

Water quality sensing and oil repelling
To investigate the performance of ReSURF under varying water con-
ditions, we collected water samples from three distinct environments
in Singapore: a coastal beach (Sentosa Beach), a freshwater reservoir
(MacRitchie Reservoir), and rainwater (Fig. 4a). The device can be
utilized to harvest hydrodynamic energy from tap water, raindrops,
seawater and reservoir water (Fig. 4a, b). This device can be used as
ultrafast sensor for detecting different perfluorooctanoic acid (PFOA)
concentrations. The output voltage reaches a maximum value at
1 × 10−5 mmolml−1 PFOA concentration with increasing salt concentra-
tion and then decreases (Fig. 4c). We attribute this increase of output
voltage with higher concentration to the change of Debye length and
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Fig. 4 | Water quality sensing and oil repelling performance. a Map of water
sampling locations in Singapore. The map was generated using map data sourced
from Singapore’s NationalWater Agency, the Public Utilities Board (PUB).bOutput
voltage with various types of water sources (tap water, rainwater, reservoir water,
seawater, deionized water) shows that different liquids generate distinct output
signals with ultrafast response. Data are presented as mean values, and the error
bars represent the standard deviation from three devices (N= 3). c Sensing of

polluted water with different perfluorooctanoic acid (PFOA) concentrations. Data
are presented as mean values, and the error bars represent the standard deviation
from three devices (N= 3). d Images comparing mobility of dyed oil droplets on
ReSURF and pure P(VDF-HFP) flat surface (low viscosity oil, volume: ~30 µL). e Oil
repellency of ReSURF after physical damage and healing (10min healing at ambi-
ent), as compared to P(VDF-HFP) flat surface on which oil remains pinned at the
damaged area (high viscosity oil, volume: ~95 µL).
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the decrease to the screening effect17. Notably, the sensor can detect
PFOA concentration as low as 1 × 10−7 mmolml−1.

The device canwork for detecting oil content inwater. The output
voltage decreases with the oil content increasing, and pure oil shows
nooutput. Thismay be due to the non-polar/less polar nature of the oil
decreasing the mixture polarity32. Therefore increasing the oil con-
centration in themixture of water and oil may enhance the interaction
with ReSURF material surface, thereby reducing the triboelectric
charge density and generated output33. Notably, the output voltage
also shows a good linear relationship to the oil content on a logarith-
mic scale (R2 = 0.99, Supplementary Fig. 25). While the voltage output
variations indicate the presence of contaminants, PFOA and oil cannot
be clearly separatedbased solelyon these signals. Further refinement—
such as integrating complementary sensing mechanisms—would be
required to improve specificity for the precise identification of con-
taminants in future applications.

Benefiting from the FAS surface structure, the transparent surface
exhibits high oil repellence. As shown in Fig. 4d, silicone oil is repelled
on the ReSURF surface (rolling-off angle: ~ 5.0°), but it wets, spreads
out and stains the pure P(VDF-HFP) surface. The dielectric surface also
serves as a self-healing coating to rapidly restore the oil-repellent
function after cut damage (Fig. 4e, Supplementary Movie 5).

Stretchability and water soft robot application
The fully transparent droplet-based TENG device with ReSURF layer
and ionogel electrodes is highly stretchable and flexible (Fig. 5a, Sup-
plementary Fig. 26). The device can be twisted and stretched to 760%
strain without any damage. On the contrary, replacing the ReSURF
layer in the device with a polydimethylsiloxane (PDMS) layer as a
dielectric layer breaks easily at a strain of 200% (SupplementaryFig. 27,
SupplementaryMovie 6). After releasing the strain, thedevice recovers
to 177% of its original length due to the viscoelasticity of both the
ionogel electrodes and the ReSURF layer (Supplementary Fig. 28).
Notably, the FAS islands on the ReSURF surface are synchronously
stretched with the ReSURF-TENG device without any detachments,
indicating the firm bonding between the FAS phase and the fluorine-
rich polymer phase (Fig. 5a bottom). This synchronous stretchability
allows the device to be sensitive to strain. Figure 5b presents the vol-
tage and current density outputs of the device when applying strain.
The initial voltage and current density generated from a single tap
water droplet are 30.40 V and 4.90mA·m−2, respectively. The values
drop to 20.75 V and 1.02mA·m−2 when the device is strained to ~300%
(Height: ~10 cm). This decrement attributes to the shrink of the
effective contact area between the droplet spread and the FAS micro/
nano-islands on the ReSURF surface (Supplementary Fig. 29). When a
droplet impacts the stretched device, the droplet spread remains
unchanged, however, the FAS micro/nano-islands within the spread
are less as they are stretched to partially out of the spread range,
leading to a decrease in the effective contact area and the accumulated
charges. As a result, the output of the device decreases along with the
increasing strain. Releasing the strain, the FAS micro/nano-islands
return synchronously with the device, and the outputs are also
restored (Supplementary Fig. 30, Supplementary Movie 7). Further-
more, the device output is slightly changed even after being immersed
in DI water for 96 hrs and dried (Supplementary Fig. 31).

Next, we applied the ReSURF-TENG device for rapid in situ water
quality monitoring and early warning of deviation from the water
quality baseline. We developed a pufferfish-like underwater soft robot
for in situ water quality monitoring (Supplementary Figs. 32, 33).
Figures 5c, d depicts the sampling and assessment process of the lab-
based pufferfish soft robot. The ReSURF-TENG device is stuck to the
pufferfish belly by glue. A water inlet for sampling is fixed near the
devicewith one endhanging over the top of the devicewhile other end
connects to a syringe pump with a check valve for water sample col-
lection. An air inlet for inflating is also connected to the pufferfish

mouth with one end and the other end is linked to an air pump. In
operation, the entire pufferfish soft robot sinks at the desired water-
assessing spot first. Then the air is pumped into the pufferfish to inflate
it; the fish starts soaring from the water bottom to the water surface
due to the buoyant force and flipping, exposing the ReSUF-TENG
device to the air. While the fish is floating on the water surface, the
water sample is drawn by the syringe pump from the water body and
dripped on the device. The sampling depth can be decided by the
water tube length. Thus, the output spike signals are collected to
assess the water quality and decide if it deviates from the water quality
baseline (Supplementary Figs. 34, 35).

Figure 5d presents the real states of the lab-based pufferfish soft
robot. Figure 5e reveals the real-time output signals from the ReSURF-
TENG device on the pufferfish soft robot during the entire inflating-
deflating-inflating process (SupplementaryMovie 8). The initial signals
are background noise (I) as the device electrodes are immersed in
water. After inflation, the pufferfish rises fromunderwater and floats at
the surface, exposing the electrodes to the air and reducing the
background noise (II). Then the syringe starts drawing external water
and dripping the droplets onto the devices. Thus, the stable output
voltage signals are generated (III). Noted that the voltage signals are
lower in the beginning as the first fewdrops accumulate fewer charges.
Pumping out the air and the pufferfish deflates. The noisy signals start
to appear as thewater-dropping angle decreases (IV) till the electrodes
are fully immersed again (V) (Supplementary Fig. 36). However, the
signal can restore completely when the pufferfish is reinflated (VI).

This in situ pufferfish robot can be used for early alert of water
quality change by distinguish the voltage signal change in amplitude
from thewater quality baseline. For example, Fig. 5f presents the signal
baseline of DI water (~6 V), and this signal (~4 V) deviates from its
baseline when the water contains 1 wt% of cooking coil pollutant. The
ultrafast response time of our device enable a short sampling time of
10 s to collect stable signals, which is sufficient for early warning of the
abnormal water quality change. This early alert monitoring function
works on other water bodies and water pollutants (Supplemen-
tary Fig. 37).

Our pufferfish robots show potentials for real application sce-
narios due to its robustness and feasibility. First, the robot is robust as
the ReSURF-TENG sensor is adhered to the silicone surface by silicone
glue that is flexible and water-resistant. Second, the data collected
from the sample can be easily transmitted by cables or wirelessly, as
the pufferfish robot holds a sufficient space for placing a chip inside its
body. Thirdly, since the air pressure andwater sample volume required
for operating the robot is small, low-power pumps will meet the
requirements. Therefore, our pufferfish robots are suitable for
deploying in confined space of modern industry and agriculture such
as sewage treatment plant or rice paddy fields.

The response time and signal-to-noise ratio are summarized in
Fig. 6 to compare with previously reported water quality sensors.
Remarkably, our device exhibits signal-to-noise ratio up to 30.7 dB and
fast response time (~6ms), outperforming most existing bio-optical,
bioelectronic, bioelectrochemical, electrochemical, chemo-optical
and electronic sensors (Fig. 6, and Supplementary Table 3). The
superior performance results from i) the amphiphobic surface (to shed
water droplets in a timely); ii) hierarchical tribo-negitive fluorine
micro/nano islands (allowing for rapid charge transfer); iii) the high κ
ReSURF induced by polarization of CF3 groups. This reduced response
time and high signal-to-noise ratio places our ReSURF in a previously
unexplored area of performance for real-time water quality sensing
(Fig. 6), and provides a solution to the previous limitation of response
times in excess of minutes.

Discussion
Inspired by human skin’s ability to use secreted sebum as an oily
hydrophobic layer, we demonstrated a facile approach to fabricating
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Fig. 5 | Stretchable droplet-based nanogenerator for underwater soft robot
assessing water quality. a Photos (top) and optical microscopy images (bot-
tom) of the fully transparent droplet-based nanogenerator straining from the
pristine state (left) up to 100% (middle) and 300% (right). The black arrows at
the bottom represent the strain directions. Scale bar: 1 cm (top) and 100 μm
(bottom). b Voltage and current density outputs of the droplet-based
nanogenerator changing with the applied strain. Data are presented as mean
values and the error bars represent the standard deviation from three devi-
ces (N = 3). c Schematic of an underwater pufferfish-like soft robot attached
with the droplet-based nanogenerator for water quality assessment. The
pufferfish immersing in water is expanded and rises from the water bottom
to the surface when being inflated with air, exposing the nanogenerator to

the air for collecting the corresponding spike signals from the water dro-
plets. d Photos of the underwater pufferfish soft robot rising from the bot-
tom to the surface (left) and the attached droplet-based nanogenerator
(right). Scale bar: 1 cm (both left and right). e Real-time voltage outputs of
the droplet-based nanogenerator on the pufferfish soft robot during the
entire inflating-deflating-inflating process (Supplementary Movie 8). I–VI
represent different sessions and are denoted as (from left to right): I-
Underwater, II-Floating, III-Dropping water, IV-Deflating, V-Electrode immer-
sing, and VI-Inflating. Insets are the photos of each corresponding session.
Scale bar: 2 cm. f The voltage outputs obtained from the same inflating
pufferfish soft robot in e showing the water quality baseline of deionized (DI)
water and the abnormal alert when the water contains 1 wt% oil pollutant.
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hierarchical dielectric surfaces through microphase separation. Com-
pared with pure P(VDF-HFP), the fluorinated surface micro/nanos-
tructure improves the surface amphiphobic properties and output
voltage/current density of the device without significantly sacrificing
its recyclable and self-healing properties. The material can be fabri-
cated as a freestanding dielectric layer or as a coating on a broad
variety of substrates, such as a porous material, to form a super-
hydrophobic surface. To date, no reported material surfaces possess
the properties of ReSURF: recyclable, self-healing, transparent, high κ,
amphiphobic, low-surface-energy, and adjustable surface micro/
nanostructure size/height in a single material system. The topology of
ReSURF complex materials have the potential to inspire the develop-
ment of synthetic mimics for applications in soft sensors, as well as
optical and mechanical metamaterials. Future advancements in ReS-
URF may explore fluorine-free alternatives that comply with emerging
regulations, ensuring its sustainability and continued applicability
across various applications. We anticipate our ReSURF soft water
quality sensing strategy will enable opportunities for sustainable
applications in agriculture, recycling of urban water, electronic skins
and soft robotics.

Methods
Materials
Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, FC 2230,
3M), 1H,1H,2H,2H-perfluorodecyltrimethoxysilane (FAS, 95%), 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMITFSI, 95%,
Solvionic), and 2,2,2-trifluoroethyl acrylate (TFEA, 98.0%, TCI) were used
as received. Urea (99%), trisodium phosphate (96%), potassium chloride
(99%), calcium chloride (CaCl2, 96%), and silicone oil (10 cSt) were
obtained from Sigma-Aldrich and also used as received. FAS should be
stored in a dry box after use.

Fabrication of the ReSURF with amphiphobic surface
The ReSURF material was prepared by mixing 2 g of poly(vinylidene
fluoride-co-hexafluoropropylene) (P(VDF-HFP), amorphous) with 2wt
% PTFEA (Supplementary Fig. 38), and varying concentrations of
1H,1H,2H,2H-perfluorodecyltrimethoxysilane (FAS, 0wt%, 1 wt%, 2.5 wt
%, 5wt%) in 6mL of acetone. The solution was stirred for at least 6 h to
ensure awell-dispersedmixture. The solutionwas sonicated for 10min
to remove air bubbles, then cast into a glass petri dish with a glass

cover. The acetone evaporated to form a film, and the thickness of
ReSURF could be adjusted by controlling the volume of the ReSURF
solution (Supplementary Fig. 45).

Surfaces with FAS vapor deposition method (Supplementary
Fig. 10b, c) were prepared as follows: 2 g of P(VDF-HFP) was dissolved
in 6mL of acetone and stirred for at least 6 h to obtain awell-dispersed
solution. The solution was sonicated and then poured onto with a
piece of glass slide for acetone evaporation. 30wt% FAS dissolved in
hexane and were placed into a glass container, and then the as-
mentioned P(VDF-HFP) was upside down on the container and heated
at 40 °C in a sealed oven for 90min. A hydrophobic layer of FAS was
formed via the vapor. FAS casting surfaces were prepared by direct
drop-casting pure FAS on the P(VDF-HFP) surface.

Synthesis of PTFEA
PTFEA was synthesized by polymerizing 2,2,2-trifluoroethyl acrylate
(TFEA) monomer. The ratio of TFEA (10 g) to initiator was maintained
at 250:1, and the reaction was conducted at 82 °C under a nitrogen
atmosphere for 8 h to initiate polymer chain growth. The resulting
product was then dried in an oven at 70 °C for 1 h.

Fabrication of the droplet-based nanogenerator device
The droplet-based self-healing device was fabricated by sandwiching the
ionogel electrode between ReSURF layers. Unless stated otherwise, we
chose the 2.5wt% FAS dielectric for the device based on the output and
transparency performance. The size of the device is around
1.5 cm×3.5 cm× 1mm.A small piece of ionogel (~0.5 cm× 1.5mm×1mm)
was placed at the bottom of the device as the top electrode contacting
with the spreading water droplet. The ionogel electrode was prepared by
mixing 16g of P(VDF-HFP) with 4.5mL of 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMITFSI) in 40mLof acetone34. The tilt
angle is fixed at 55° (Supplementary Fig. 43). Aluminum tape, Cu wire
electrode was used to electrically connect the ionogel electrode for out-
put testing. The Cu-based droplet-based nanogenerator device is pre-
pared by ionogel on the surface of the ReSURF/Cu (Supplementary Fig. 8,
Supplementary Fig. 31).

Device characterization
An oscilloscope (KEYSIGHT MSOX2024A) was used to test the output
voltage signal of the droplet device. The output charge transfer
quantity and the current of the device were obtained by Keithley 6514
electrometer and Stanford low-noise current preamplifier (SR570),
respectively. The AFM measurements were carried out using Park
Systems NX20. KPFM images with different FAS concentrations were
scanned at a scan speed of 0.5Hz in noncontact mode. A thin layer of
Au (area: 1.2mm× 1.2mm) sputtered on the surface works as a refer-
ence (Supplementary Fig. 17).

The surfaces were imaged by KEYENCE digital microscope (3D
images) or SEM using a Zeiss sigma 300 with SmartEDS system. The
measurements shown in Figs. 2d, 3e, 4b, c and 5b were performed on
three independent devices (N = 3) to assess reproducibility. FTIR
measurements were performed by an FTIR Vertex 70 spectrometer
from 500 to 4000 cm−1. The mechanical property was obtained by
Instron tensile testing systems (68SC-1). Contact angle and rolling-off
angle were measured by goniometer rame-hart 290-u1, the rolling-off
angle is ~5.0° (silicone oil,10 cSt). The dielectric constants were mea-
sured using the E4980A Precision LCR Meter. 3D X-ray
micro–computed tomography (μ-CT) scan reconstructions were per-
formed using a ZEISS Xradia 515 Versa X-ray microscope (Carl Zeiss).
The sample was attached to the end of a ~2 cm-long pin using a
cyanoacrylate-based adhesive and mounted onto a ZEISS specimen
holder for scanning. 3D reconstruction and visualization were con-
ducted using TXM3DViewer. Dynamic light scattering (DLS) mea-
surement was performed by Malvern Zetasizer Pro (Supplementary
Fig. 3b). 5 wt% FAS wasmixed with acetone, and after stirring (10min),
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then DLS was employed to assess the variation in aggregation size
(20–260min). Throughout the DLS testing, the solution remained
sealedwithin the quartz cell, with no acetone undergoing evaporation.
To minimize the impact of P(VDF-HFP) polymer chains on the FAS
nanoscale aggregation size measurement, no P(VDF-HFP) was added
to the test solution. Thus, the measured aggregation sizes exclusively
represent those of FAS.

The self-healing PDMS (Fig. 2d) for dielectric constant test was
prepared by mixing bis(3-aminopropyl) terminated poly(-
dimethylsiloxane) (H2N-PDMS-NH2), bis(hydroxyalkyl) terminated
poly(dimethylsiloxane) (HO-PDMS-OH) and the 4,4′-Methylenebis(cy-
clohexyl isocyanate) (coupling agent).

Water quality sensing
The rain water is collected from rain droplets in Singapore. The solu-
tion for oil sensing is prepared by mixing cooking oil (plant oil: sun-
flower oil) with different volumes into deionized water in a vortex
mixer. The dyed oils in Fig. 4d is prepared bymixing silicon oil (10 cSt)
with Sudan red while 4e is plant oil (sunflower oil) with Solvent blue.
The polluted water was prepared by mixing for 0.5 g urea, trisodium
phosphate, 5 g potassium chloride and 0.01 g calcium chloride in
200mL deionized water for N, P, K and Ca elements. The volume of
eachdroplet is around 50μL. The droplet channel width and the useof
a syringe pump for consistent droplet volume and speed have been
considered to minimize measurement variability. A filter is used to
remove contaminants larger than the droplet channel width.

Pufferfish soft robot
The pufferfish-like underwater soft robot consists of four parts: i) the
elastic skin, ii) the skeleton, iii) the balance, and iv) the elastic belly. The
elastic skin and the belly are fabricated by casting the silicone-based
elastomer on the mode surface and peeling it off (Supplementary
Figs. 32, 33). To be more specific, the silicone-based elastomer is pre-
pared by mixing Ecoflex 00-30 and 15wt% cellulose fibers using the
SpeedMixer. The mixture is then poured on the 3D-printed pufferfish
bodymold or the glass spheremold and cured at 70 °C for 30min. After
curing, the skin and the belly are peeled off for assembling. Twohalf-oval
skeletons are 3D printed and glued to each other with a sand balance
covered inside. Then the cured pufferfish skin and belly are stuck to the
skeleton and sealed by Silpoxy. The ReSURF-TENG device and the water
inlet are also fixed on the outside of the belly with Silpoxy. To keep a
consistent drippingwater droplet size, thewater inlet was a silicone tube
with the end connected to a stainless steel 18G nozzle. An air inlet
silicone tube is inserted into the inside of the pufferfish and firmly fixed.

Lab-based water quality assessment demonstration
The pufferfish soft robot is immersed in a tank filledwithwater forwater
quality assessment. The water and air inlets are connected to a syringe
and an air pump, respectively. A syringe pump is used to draw water
from the tank andpump thewater droplets to the ReSURF-TENGdevice.
Noted that the syringe we used here connects to a check valve to pre-
vent the water from flowing back to the tank when the syringe pump is
pumping. To prevent the water inlet clogging from the oversized
impurity, a filter can also be used before the water sample dripping to
the TENG device. Then The signals from the TENG device are collected
through the Picoscope. To assess different water qualities, we fill the
tank with different water sources using the same pufferfish soft robot.

Calculation of conversion efficiency
We calculated the instantaneous conversion efficiency of the device, η,
as follows:

η=

R tseparate
tcontact

UIdt

mgh
ð1Þ

Wherem is the dropletmass (0.05 g);g is the gravitational acceleration
(9.8m s−2); the height (h) between the droplet and the device is about
0-20 cm;U is the output voltage; I is the output current; and tcontact and
tseparate represent the moments when the water droplet first contacts
and then separates from the top electrode, respectively. For our
device, the mechanical energy of the impinging droplet (~50μL,
height: ~20 cm) is roughly 9.8 × 10−5 J, and the conversion efficiency (η)
is calculated to be about 2.4%.

Calculation of signal-to-noise ratio (SNR)
We calculated the SNR as follows:

SNRdB = 10lg
Asignal

Anoise

� �2
" #

ð2Þ

Where Asignal is the amplitude of the signal and Anoise is the amptitude
of the background noise. The current density was used for the SNR
calculation. The setup geometry is as follows: droplet volume ~50.0μL,
height ~20 cm, frequency ~2Hz, and tilt angle ~55°.

DFT calculations
First-principles calculations were conducted utilizing the Vienna ab
initio simulation package (VASP). To capture the weak van der Waals
(vdW) interactions between polymers, the DFT-D3 functional aug-
mented with Grimme correction was employed35. The strength of
interaction, crucial in understanding polymer-polymer interactions,
was evaluated through the computation of the binding energy (Eb),
employing atomic models with periodic boundary conditions. To
prevent interference from periodic images, a vacuum region of > 10 Å
thickness was established. Brillouin zone sampling was achieved uti-
lizing a Γ point, while the exchange-correlation energy was computed
using the generalized gradient approximation (GGA) within the
Perdew-Burke-Ernzerhof (PBE) framework. All calculations were con-
ducted with an energy cutoff of 400 eV and an energy convergence
criterion of 10−4 eV. Structural optimization was carried out until the
forces acting on each atom fell below 0.005 eVÅ−1.

Data availability
All data generated or analyzed during this study are included in the
Article and its Supplementary Information, and are available from the
corresponding author upon request.
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