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Abstract:
  

Underwater
 

superhydrophobic
 

surfaces
 

( SHSs)
 

are
 

promising
 

for
 

drag
 

reduction
 

but
 

are
 

limited
 

by
 

the
 

metastability
 

of
 

underwater
 

air
 

plastrons.
 

Inspired
 

by
 

the
 

replenishment
 

mechanism
 

of
 

the
 

water
 

spider ’ s
 

air
 

plastron,
 

a
 

recoverable
 

SHS
 

with
 

a
 

sparse
 

micro-nano
 

hierarchical
 

structure
 

was
 

fabricated
 

by
 

obtaining
 

a
 

microcone
 

array
 

structure
 

through
 

laser
 

etching
 

and
 

mold
 

replication,
 

followed
 

by
 

the
 

chained
 

nanoparticle
 

deposition
 

and
 

fluorination
 

treatment.
 

The
 

surface
 

exhibited
 

exceptional
 

durability,
 

sustaining
 

100
 

abrasion
 

cycles
 

(2
 

kPa)
 

and
 

5. 5
 

h
 

water
 

jetting
 

(25
 

kPa) .
 

This
 

is
 

attributed
 

to
 

the
 

microcone
 

array,
 

which
 

protects
 

the
 

superhydrophobic
 

nanoparticles
 

under
 

mechanical
 

action.
 

The
 

hierarchical
 

structure
 

exhibited
 

underwater
 

aerophilicity,
 

which
 

enabled
 

34
 

cycles
 

from
 

fully
 

wetting
 

to
 

superhydrophobicity.
 

Rotational
 

rheometric
 

analysis
 

revealed
 

a
 

drag
 

reduction
 

rate
 

of
 

13. 6%.
 

Fluid
 

dynamics
 

simulations
 

showed
 

that
 

the
 

microstructure
  

reduced
 

wall
 

shear
 

stress,
 

achieving
 

a
 

drag
 

reduction
 

rate
 

of
 

14. 2%
 

at
 

a
 

flow
 

velocity
 

of
 

1
 

m/ s
 

and
 

a
 

wall-slip
 

velocity
 

of
 

0. 15
 

m/ s.
 

This
 

study
 

provides
 

design
 

directions
 

and
 

theoretical
 

foundations
 

for
 

the
 

application
 

of
 

SHS
 

in
 

sustainable
 

drag
 

reduction.
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0　 Introduction

Drag
 

reduction
 

technologies
 

have
 

become
 

critical
 

in
 

vessels,
 

submarines,
 

torpedoes
 

and
 

petroleum
 

transportation[1-2] ,
 

as
 

frictional
 

resistance
 

constitutes
 

approximately
 

50%
 

and
 

60%-70%
 

of
 

the
 

total
 

drag
 

for
 

surface
 

ships
 

and
 

submersibles,
 

respectively[3-4] .
 

The
 

shipping
 

sector,
 

responsible
 

for
 

80%
 

of
 

global
 

trade,
 

generates
 

about
 

3%
 

of
 

anthropogenic
 

greenhouse
 

emissions[5] .
 

Superhydrophobic
 

surfaces
 

( SHSs)
 

have
 

emerged
 

as
 

the
 

most
 

promising
 

solution
 

to
 

drag
 

reduction
 

through
 

air
 

plastron
 

formation
 

at
 

liquid-solid
 

interfaces,
 

where
 

low-viscosity
 

gas
 

lubrication
 

achieves
 

20% -30%
 

drag
 

reduction[6-8] .
 

While
 

current
 

research
 

has
 

extensively
 

characterized
 

SHS
 

drag
 

reduction
 

mechanisms,
 

the
 

metastability
 

of
 

air
 

plastrons
 

under
 

hydrodynamic
 

stresses
 

remains
 

insufficiently
 

addressed.
 

Plastron
 

collapse
 

induced
 

by
 

the
 

flow
 

velocity
 

or
 

pressure
 

causes
 

irreversible
 

transitions
 

to
 

high-resistance
 

wetted
 

states[9] .
 

Such
 

failures
 

significantly
 

increase
 

frictional
 

resistance[10] .
 

Therefore,
 

the
 

recoverability
 

of
 

SHSs
 

is
 

an
 

essential
 

requirement
 

for
 

achieving
 

long-term
 

drag
 

reduction
 

in
 

underwater
 

environments.
Enhancing

 

the
 

structural
 

stability
 

by
 

improving
 

the
 

mechanical
 

strength
 

of
 

material
 

surfaces[11-13]
 

constitutes
 

a
 

crucial
 

strategy
 

for
 

effectively
 

maintaining
 

the
 

integrity
 

of
 

the
 

underwater
 

air
 

plastron.
 

Underwater
 

air
 

plastron
 

stabilization
 

has
 

been
 

explored
 

through
 

hierarchical
 

structures
 

that
 

enhance
 

gas-liquid
 

interface
 

pinning
 

via
 

longitudinal
 

ridges
 

and
 

patterned
 

cavities[14] ,
 

as
 

well
 

as
 

through
 

hybrid
 

surfaces
 

that
 

combine
 

low-adhesion
 

superhydrophobic
 

and
 

high-adhesion
 

hydrophobic
 

regions[15-16] .
 

These
 

passive
 

approaches
 

inadequately
 

address
 

plastron
 

metastability
 

under
 

working
 

conditions.
 

Active
 

replenishment
 

methods,
 

including
 

surface
 

electrolysis[17] ,
 

photolysis[18] ,
 

photocatalysis[19]
 

and
 

H2O2
 decomposition[20] ,

 

require
 

external
 

energy /
chemical

 

inputs
 

that
 

restrict
 

scalability.
 

Aerophilic
 

surfaces
 

enabling
 

spontaneous
 

bubble
 

spreading
 

present
 

sustainable
 

alternatives[6-7] ,
 

such
 

as
 

polydivinylbenzene
 

nanofiber
 

coatings.
 

However,
 

the
 

recovery
 

of
 

the
 

Cassie
 

state
 

from
 

fully
 

wetted
 

surfaces
 

remains
 

underexplored.
 

Sparse
 

aerophilic
 

nanoparticle
 

structures
 

demonstrate
 

reversible
 

wetted
 

to
 

superhydrophobic
 

transitions[21] .
 

However,
 

insufficient
 

plastron
 

thickness
 

limits
 

the
 

drag
 

reduction
 

efficiency
 

based
 

on
 

the
 

slip
 

length
 

theory
 

and
 

flow
 

simulations[22-23] .
 

SHSs
 

with
 

hydrodynamic
 

drag
 

reduction
 

and
 

autonomous
 

air
 

plastron
 

recovery
 

constitute
 

an
 

unresolved
 

technical
 

challenge.
 

In
 

nature,
 

water
 

spiders
 

utilize
 

setal
 

arrays
 

to
 

form
 

1



underwater
 

air
 

plastrons
 

for
 

respiration,
 

which
 

are
 

periodically
 

replenished
 

at
 

the
 

water
 

surface
 

upon
 

air
 

plastron
 

depletion.
 

Inspired
 

by
 

this
 

replenishment
 

mechanism,
 

an
 

underwater
 

recoverable
 

superhydrophobic
 

surface
 

( URSS )
 

featuring
 

a
 

bioinspired
 

micro-nano
 

hierarchical
 

structure
 

was
 

designed.
 

This
 

study
 

aims
 

to
 

develop
 

a
 

URSS
 

with
 

exceptional
 

air
 

plastron
 

recovery
 

and
 

drag
 

reduction
 

capabilities.
 

By
 

designing
 

a
 

bioinspired
 

architecture,
 

this
 

work
 

sets
 

out
 

to
 

address
 

the
 

challenge
 

of
 

air
 

plastron
 

instability
 

on
 

submerged
 

SHSs
 

and
 

to
 

establish
 

a
 

theoretical
 

foundation
 

for
 

high-
performance

 

drag-reducing
 

materials.
 

The
 

successful
 

development
 

of
 

this
 

technology
 

is
 

expected
 

to
 

hold
 

broad
 

application
 

potential
 

in
 

naval
 

engineering,
 

submersible
 

equipment,
 

and
 

microfluidic
 

systems.

1　 Materials
 

and
 

Methods

1. 1　 Materials
Tetraethyl

 

orthosilicate
 

( TEOS ),
 

L-arginine,
 

anhydrous
 

ethanol,
 

acetone,
 

sodium
 

hydroxide
 

( NaOH ),
 

hydrochloric
 

acid
 

( HCl )
 

and
 

3-aminopropyltriethoxysilane
 

( APTES)
 

were
 

purchased
 

from
 

Sinopharm
 

Chemical
 

Reagent
 

Co.,
 

Ltd.,
 

China.
 

Polydimethylsiloxane
 

(PDMS,
 

Sylgard
 

184)
 

was
 

obtained
 

from
 

the
 

New
 

Materials
 

Division
 

of
 

Xinke,
 

Dongguan,
 

China. 1H,
 

1H,
 

2H,
 

2H-perfluorodecyltrichlorosilane
 

(FDTS)
 

was
 

sourced
 

from
 

Shanghai
 

Aladdin
 

Biochemical
 

Technology
 

Co.,
 

Ltd.,
 

China.
1. 2　 Synthesis

 

of
 

URSS
1. 2. 1　 Microcone

 

array
 

fabrication
A

 

stainless
 

steel
 

substrate
 

(3
 

cm
 

×
 

3
 

cm
 

×
 

3
 

mm)
 

was
 

micro-structured
 

in
 

ambient
 

air
 

by
 

using
 

a
 

UV
 

laser
 

system
 

( GQ-50,
 

Chengdu
 

Weishi
 

Intelligent
 

Creation
 

Laser
 

Equipment
 

Co.,
 

Ltd.,
 

China ) .
 

Periodic
 

array
 

patterns
 

with
 

conical
 

apertures
 

(a
 

diameter
 

of
 

100
 

μm,
 

a
 

height
 

of
 

150
 

μm,
 

and
 

a
 

pitch
 

of
 

150
 

μm)
 

were
 

designed
 

via
 

CAD
 

software.
 

Laser
 

processing
 

was
 

performed
 

at
 

a
 

pulse
 

frequency
 

of
 

20
 

kHz,
 

a
 

scan
 

speed
 

of
 

500
 

mm / s
 

and
 

an
 

output
 

power
 

of
 

15
 

W,
 

with
 

four
 

repetitive
 

scans
 

applied
 

to
 

achieve
 

the
 

micro-structured
 

substrate.
PDMS

 

prepolymer
 

and
 

curing
 

agents
 

were
 

mixed
 

at
 

a
 

mass
 

ratio
 

of
 

10 ∶ 1,
 

homogenized
 

by
 

5
 

min
 

stirring,
 

and
 

subjected
 

to
 

vacuum
 

degassing
 

for
 

10-20
 

min.
 

The
 

degassed
 

PDMS
 

solution
 

was
 

cast
 

onto
 

the
 

micro-
structured

 

substrate
 

surface,
 

followed
 

by
 

thermal
 

curing
 

at
 

65
 

℃
 

for
 

2
 

h.
 

The
 

cured
 

PDMS
 

film
 

was
 

peeled,
 

trimmed,
 

and
 

ultrasonically
 

cleaned
 

in
 

ethanol
 

before
 

drying
 

for
 

subsequent
 

use.
1. 2. 2　 Preparation

 

of
 

hierarchical
 

structure
The

 

micro-structured
 

PDMS
 

surface
 

was
 

subjected
 

to
 

oxygen
 

plasma
 

treatment
 

for
 

10
 

min,
 

followed
 

by
 

immersion
 

in
 

a
 

20
 

mmol / L
 

APTES
 

ethanol
 

solution
 

and
 

reacted
 

at
 

60
 

℃
 

for
 

45
 

min.
 

After
 

ethanol
 

rinsing,
 

it
 

was
 

dried
 

at
 

37
 

℃.
 

Chained
 

nanoparticles
 

( CNPs )
 

were
 

prepared
 

according
 

to
 

the
 

method
 

reported
 

in
 

Ref.
 

[18] .
 

It
 

was
 

dispersed
 

in
 

deionized
 

water
 

at
 

mass
 

fractions
 

of
 

0. 2%,
 

0. 4%
 

and
 

0. 6%,
 

and
 

ultrasonicated
 

for
 

30
 

min
 

at
 

pH
 

=
 

6.
 

The
 

pre-treated
 

micro-structured
 

PDMS
 

surface
 

was
 

then
 

immersed
 

in
 

the
 

CNP
 

solution
 

for
 

1
 

h,
 

and
 

subsequently
 

dried.
 

The
 

corresponding
 

samples
 

were
 

named
 

0. 2%CNPs,
 

0. 4%CNPs,
 

and
 

0. 6%CNPs,
 

respectively.
1. 2. 3　 Fluorination

 

treatment
The

 

PDMS
 

with
 

a
 

hierarchical
 

structure
 

was
 

subjected
 

to
 

oxygen
 

plasma
 

treatment
 

for
 

10
 

min
 

to
 

promote
 

hydroxylation,
 

followed
 

by
 

exposure
 

to
 

a
 

vacuum
 

chamber
 

containing
 

100
 

μL
 

FDTS
 

for
 

30
 

min
 

to
 

undergo
 

chemical
 

vapor
 

deposition,
 

thereby
 

achieving
 

superhydrophobicity.
 

After
 

heating
 

at
 

65
 

℃
 

for
 

10
 

min,
 

the
 

sample
 

was
 

sequentially
 

rinsed
 

with
 

acetone
 

and
 

deionized
 

water
 

to
 

obtain
 

the
 

final
 

product.
 

The
 

schematic
 

of
 

the
 

preparation
 

process
 

is
 

shown
 

in
 

Fig. 1.
 

Fig. 1　 Schematic
 

diagram
 

for
 

preparation
 

of
 

URSS
 

with
 

hierarchical
 

structure

1. 3　 Characterization
 

methods
Surface

 

morphology
 

was
 

characterized
 

by
 

a
 

scanning
 

electron
 

microscope
 

( S-4800,
 

Hitachi,
 

Japan ) .
 

The
 

water
 

contact
 

angle
 

(CA)
 

and
 

sliding
 

angle
 

(SA)
 

were
 

measured
 

via
 

a
 

contact
 

angle
 

goniometer
 

( SL200KB,
 

Kino,
 

USA) .
 

Bubble
 

contact
 

angles
 

were
 

measured
 

via
 

the
 

sessile
 

drop
 

method
 

in
 

water,
 

captured
 

by
 

a
 

high-
speed

 

camera
 

(Chronos
 

1. 4,
 

Kron,
 

USA) .
 

Mechanical
 

durability
 

was
 

carried
 

out
 

by
 

using
 

a
 

reciprocating
 

friction
 

tester
 

( ZJ-339-GSR,
 

Shenzhen
 

Zhijia
 

Instrument
 

Co.,
 

Ltd.,
 

China )
 

with
 

1
 

500-grit
 

sandpaper
 

under
 

2
 

kPa
 

loading.
 

The
 

water
 

jetting
 

experiment
 

was
 

conducted
 

by
 

mounting
 

specimens
 

on
 

45°
 

inclined
 

plates
 

5
 

cm
 

from
 

a
 

3
 

mm
 

nozzle
 

at
 

a
 

pressure
 

of
 

25
 

kPa.
 

Bubble-surface
 

interactions
 

were
 

quantified
 

via
 

an
 

atomic
 

force
 

microscope
 

(Multi
 

Mode8,
 

Bruker,
 

USA)
 

coupled
 

with
 

Nikon
 

Ti-U
 

inverted
 

optics
 

to
 

confirm
 

aerophilicity.
 

Ethanol-induced
 

wetting
 

failure
 

specimens
 

underwent
 

recovery
 

cycling
 

via
 

air
 

bubble
 

introduction,
 

with
 

CA / SA
 

monitored
 

until
 

performance
 

degradation.
 

The
 

torque
 

M
 

was
 

measured
 

via
 

a
 

rotational
 

rheometer
 

( MCR302,
 

Anton
 

Paar,
 

Austria)
 

by
 

using
 

a
 

25
 

mm
 

plate
 

rotor,
 

with
 

2 TAN
 

Zhimin,
 

SHEN
 

Hao,
 

ZHAO
 

Yiping,
 

et
 

al.
 



a
 

shear
 

rate
 

γ·
 

of
 

40 - 100
 

s-1 .
 

The
 

slip
 

length
 

on
 

the
 

structured
 

surface
 

b
 

and
 

drag
 

reduction
 

rate
 

r
 

were
 

computationally
 

derived
 

from
 

the
 

torque
 

as
 

follows:

b = Dh × πR3μγ·

2M
- 1( ) , (1)

r = (b′ - b) / b′ × 100%, (2)
where

 

R,
 

Dh,
 

μ
 

and
 

b′
 

indicate
 

the
 

rotor
 

radius,
 

the
 

gap
 

between
 

the
 

rotor
 

and
 

the
 

sample,
 

the
 

fluid
 

viscosity
 

and
 

the
 

slip
 

length
 

on
 

the
 

smooth
 

surface,
 

respectively.
1. 4　 Numerical

 

simulation
Numerical

 

simulations
 

of
 

hydrodynamic
 

drag
 

reduction
 

were
 

performed
 

by
 

using
 

ANSYS
 

Fluent
 

17. 0,
 

with
 

computational
 

geometry
 

constructed
 

in
 

AutoCAD
 

2023.
 

A
 

three-dimensional
 

domain
 

(300
 

mm
 

×
 

80
 

mm
 

×
50

 

mm)
 

contained
 

5
 

×
 

4
 

periodic
 

microstructures
 

(5
 

mm
 

in
 

diameter,
 

and
 

7. 5
 

mm
 

in
 

height
 

and
 

pitch)
 

and
 

was
 

positioned
 

100
 

mm
 

downstream
 

from
 

the
 

inlet
 

to
 

minimize
 

entrance
 

effects.
 

The
 

multiphase
 

flow
 

was
 

resolved
 

through
 

the
 

volume
 

of
 

fluid
 

(VOF)
 

method
 

with
 

the
 

SIMPLEC
 

pressure-velocity
 

coupling
 

algorithm
 

and
 

standard
 

k-ε
  

turbulence
 

model
 

by
 

using
 

scalable
 

wall
 

functions.
 

A
 

second-order
 

upwind
 

scheme
 

was
 

adopted
 

for
 

spatial
 

discretization,
 

with
 

the
 

convergence
 

criteria
 

set
 

to
 

residuals
 

below
 

1×10-2
 

(maximum
 

1
 

000
 

iterations) .
 

Boundary
 

conditions
 

included
 

a
 

mainstream
 

velocity
 

of
 

1
 

m / s
 

and
 

a
 

wall-slip
 

velocity
 

of
 

0-0. 15
 

m / s.
 

The
 

drag
 

reduction
 

rate
 

DR
 was

 

calculated
 

via
 

DR = (τ0 - τ) / τ0 × 100%, (3)

where
 

τ0
 and

 

τ
  

represent
 

the
 

shear
 

stresses
 

on
 

the
 

smooth
 

and
 

micro-structured
 

surfaces,
 

respectively.

2　 Results
 

and
 

Discussion

2. 1　 Characterization
 

of
 

URSS
The

 

microstructural
 

characteristics
 

and
 

performance
 

of
 

URSS
 

are
 

presented
 

in
 

Fig. 2.
 

The
 

low-resolution
 

scanning
 

electron
 

microscopy
 

(SEM)
 

image
 

(Fig. 2(a))
 

reveals
 

periodic
 

circular
 

pore
 

arrays
 

( a
 

diameter
 

of
 

100
 

μm,
 

and
 

a
 

pitch
 

of
 

150
 

μm) .
 

The
 

high-resolution
 

SEM
 

image
 

( Fig. 2 ( b))
 

demonstrates
 

densely
 

aligned
 

CNPs
 

( about
 

200
 

nm
 

in
 

length,
 

about
 

50
 

nm
 

in
 

diameter),
 

establishing
 

essential
 

structural
 

support
 

for
 

air
 

plastron
 

stabilization.
 

Cross-sectional
 

microscopy
 

image
  

( Fig. 2 ( c ))
 

confirms
 

a
 

microstructure
 

height
 

of
 

150
 

μm,
 

a
 

geometric
 

configuration
 

that
 

enhances
 

air
 

entrapment
 

and
 

interfacial
 

stability.
 

The
 

water
 

CA
 

on
 

this
 

surface
 

reaches
 

151°
 

(Fig. 2( d)),
 

with
 

a
 

water
 

SA
 

of
 

7°,
 

exhibiting
 

superhydrophobic
 

properties.
 

Fig. 2　 Microstructural
 

characteristics
 

and
 

performance
 

of
 

URSS:
 

(a)
 

low-resolution
 

SEM
 

image;
 

(b)
 

high-resolution
 

SEM
 

image;
 

(c)
 

cross-
sectional

 

microscopy
 

image;
 

(d)
 

water
 

CA
 

measurement
 

image

2. 1. 1　 Mechanical
 

durability
 

of
 

URSS
Mechanical

 

durability
 

of
 

URSS
 

is
 

recognized
 

as
 

a
 

critical
 

performance
 

index
 

for
 

underwater
 

applications.
 

Specimens
 

were
 

evaluated
 

through
 

abrasive
 

cycling
 

(2
 

kPa)
 

and
 

hydrodynamic
 

impact
 

testing
 

( 25
 

kPa) .
 

The
 

abrasion
 

test
 

schematic
 

and
 

water
 

jetting
 

test
 

schematic
 

are
 

shown
 

in
 

Figs. 3 ( a )
 

and
 

3 ( b ),
 

respectively.
 

Figure
 

3( c)
 

shows
 

that
 

the
 

sample
 

surface
 

with
 

the
 

hierarchical
 

structure
 

withstands
 

100
 

abrasion
 

cycles,
 

tripling
 

the
 

endurance
 

of
 

the
 

unitary
 

nanostructure
 

( 30
 

cycles ) .
 

Under
 

the
 

hydrodynamic
 

stress,
 

the
 

hierarchical
 

structure
 

maintains
 

stable
 

performance
 

for
 

5. 5
 

h
 

vs.
 

2. 0
 

h
 

for
 

the
 

unitary
 

nanostructure
 

( Fig. 3( d) ) .
  

This
 

performance
 

disparity
 

is
 

attributed
 

to
 

stress-
dissipative

 

networks
 

formed
 

by
 

interlocked
 

microstructure
 

in
 

a
 

hierarchical-structure
 

system,
 

effectively
 

redistributing
 

shear
 

stresses
 

to
 

protect
 

surface
 

nanoparticles.
 

The
 

study
 

confirms
 

that
 

micro-
nano

 

hierarchical
 

structures
 

enhance
 

the
 

interfacial
 

bonding
 

strength
 

compared
 

to
 

unitary
 

nanostructures,
 

providing
 

critical
 

insights
 

for
 

underwater
 

environmental
 

applications.
 

The
 

microcone
 

array
 

tips
 

preferentially
 

undergo
 

deformation
 

due
 

to
 

stress
 

concentration
 

effects
 

( inherent
 

to
 

geometric
 

tip
 

characteristics ) ,
 

as
 

demonstrated
 

in
 

Figs. 3( e)
 

and
 

3( f) .
 

The
 

interstitial
 

regions
 

between
 

microcones
 

maintain
 

relatively
 

lower
 

damage
 

levels
 

owing
 

to
 

structural
 

support
 

from
 

adjacent
 

features.
 

Although
 

surface-attached
 

CNPs
 

experience
 

fracture
 

or
 

detachment
 

under
 

frictional
 

shear
 

forces,
 

the
 

physical
 

confinement
 

effect
 

exerted
 

by
 

the
 

microcone
 

architecture
 

partially
 

mitigates
 

extensive
 

nanoparticle
 

detachment.
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Fig. 3　 Mechanical
 

durability
 

tests:
 

(a)
 

abrasion
 

test
 

schematic;
 

(b)
 

water
 

jetting
 

test
 

schematic;
 

(c)
 

CA
 

and
 

SA
 

vs.
 

abrasion
 

cycle;
 

(d)
 

CA
 

and
 

SA
 

vs.
 

water
 

jetting
 

time;
 

(e)
 

SEM
 

image
 

of
 

URSS
 

after
 

100
 

abrasion
 

cycles
 

at
 

2
 

kPa;
 

( f)
 

SEM
 

image
 

of
 

URSS
 

after
 

water
 

jetting
 

for
 

5. 5
 

h
  

at
  

25
 

kPa

2. 1. 2　 Aerophilic
 

performance
 

of
 

URSS
Bubble-surface

 

interaction
 

mechanisms
 

were
 

quantitatively
 

investigated
 

through
 

atomic
 

force
 

microscopy
 

( AFM )
 

bubble
 

probe
 

technology
 

(Fig. 4(a)) .
 

The
 

ethanol-pretreated
 

sample
 

was
 

submerged.
 

A
 

bubble
 

probe
 

was
 

then
 

vertically
 

approached
 

to
 

the
 

sample
 

by
 

controlled
 

piezo
 

displacement.
 

Force
 

vs.
 

piezo
 

displacement
 

curves
 

revealed
 

initial
 

repulsion
 

at
 

a
 

piezo
 

displacement
 

of
 

3
 

μm
 

progressing
 

to
 

a
 

maximum
 

adhesion
 

of
 

20
 

nN
 

at
 

contact
 

(Fig. 4 ( b)),
 

and
 

a
 

final
 

bubble
 

detachment
 

force
 

of
 

37
 

nN
 

upon
 

probe
 

retraction
 

at
 

a
 

piezo
 

displacement
 

of
 

9
 

μm
 

( Fig. 4 ( c )) .
 

Synergistic
 

effects
 

between
 

low
 

steric
 

hindrance
 

at
 

microstructure
 

apices
 

and
 

surface
 

nanoparticles
 

were
 

identified
 

as
 

critical
 

stabilization
 

mechanisms.
 

This
 

discovery
 

elucidates
 

surface-directed
 

bubble
 

behavior
 

regulation,
 

providing
 

experimental
 

and
 

theoretical
 

foundations
 

for
 

optimizing
 

air
 

plastron
 

stability
 

in
 

submerged
 

superhydrophobic
 

systems.

Fig. 4　 Interaction
 

force
 

tests
 

and
 

results:
 

(a)
 

testing
 

diagram;
 

(b)
 

attachment
 

curve;
 

(c)
 

pickup
 

curve
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2. 1. 3　 Underwater
 

recoverable
 

performance
 

of
 

URSS
Bubble

 

penetration
 

dynamics
 

in
 

microcavities
 

were
 

modeled
 

based
 

on
 

Boyle ’ s
 

law.
 

The
 

theory
 

of
 

recoverable
 

superhydrophobicity
 

can
 

be
 

represented
 

by
 

the
 

relationship
 

between
 

the
 

ratio
 

of
 

the
 

bubble
 

spreading
 

depth
 

h
 

to
 

the
 

structure
 

height
 

H
 

and
 

the
 

ratio
 

of
 

H
 

to
 

the
 

structure
 

pitch
 

L[21] :

h
H

=
P0

PL + 8π(D + d)·γ·cos
 

θ/ [16L2 - π(D + d)2]
-

2 2 - (d + D) / L
12 cos3

 

θ
·

1
H/ L

(2 - 3 sin
 

θadv + sin3θadv), (4)

where
 

P0
 and

 

PL
 are

 

the
 

bubble
 

pressure
 

and
 

hydrostatic
 

pressure,
 

respectively;
 

d,
 

D,
 

γ,
 

θ,
  

and
 

θadv
 represent

 

the
 

apical
 

diameter,
 

basal
 

diameter,
 

surface
 

tension
 

of
 

water,
 

CA
 

on
 

the
 

fluorinated
 

flat
 

and
 

smooth
 

surface,
 

and
 

CA
 

on
 

the
 

conical
 

structure,
 

respectively.
Here,

 

initial
 

parameters
 

are
 

set
 

to
 

P0 = 101. 3
 

kPa,
 

PL = 180
 

kPa
 

( a
 

water
 

depth
 

of
 

18
 

m),
 

d = 0,
 

D = L =
150

 

μm,
 

γ = 0. 072
 

N / m
 

(at
 

25
 

℃),
  

θ = 110°,
 

and
 

θadv

= 125°.
 

Figure
 

5( a)
 

shows
 

the
 

numerical
 

simulation
 

of
 

the
 

relationship
 

of
 

h / H
 

and
 

H / L.
 

When
 

H / L
 

<
 

0. 95,
 

h / H= 1,
 

which
 

indicates
 

that
 

the
 

bubbles
 

displace
 

water
 

between
 

microstructures,
 

ultimately
 

filling
 

their
 

base.
 

When
 

H / L
 

>
 

0. 95,
 

h / H
 

<
 

1,
 

which
 

indicates
 

that
 

the
 

bubbles
 

fail
 

to
 

reach
 

the
 

base
 

of
 

microstructures,
 

preventing
 

full
 

recovery
 

from
 

the
 

wetted
 

state.
 

The
 

designed
 

microstructures,
 

with
 

H=L= 150
 

μm
 

( i. e.,
 

H / L= 1),
  

have
 

a
 

ratio
 

close
 

to
 

the
 

theoretical
 

critical
 

ratio
 

( 0. 95),
 

enabling
 

surface
 

recovery
 

from
 

a
 

fully
 

wetted
 

state.
Bubble

 

recoverability
 

was
 

validated
 

through
 

ethanol-
induced

 

wetting
 

followed
 

by
 

systematic
 

bubble
 

replenishment.
 

The
 

submerged
 

sample
 

was
 

subjected
 

to
 

bubble
 

injection.
 

The
 

bubble
 

CA
 

monitoring
 

reveals
 

a
 

rapid
 

reduction
 

of
 

about
 

50°
 

within
 

10
 

s
 

(Fig. 5( b)),
 

confirming
 

aerophilicity-driven
 

lateral
 

spreading.
 

As
 

shown
 

in
 

Fig. 5(c),
 

the
 

released
 

bubble
 

first
 

ascends
 

to
 

contact
 

the
 

sample
 

surface,
 

undergoes
 

deformation-
rebound,

 

and
 

then
 

initiates
 

lateral
 

expansion.
 

Continuous
 

bubble
 

supply
 

induces
 

coalescence
 

into
 

continuous
 

air
 

plastrons,
 

achieving
 

full
 

Cassie-Baxter
 

state
 

recovery
 

within
 

11. 6
 

s.
 

Contact
 

with
 

nanoparticles
 

at
 

microstructure
 

apexes
 

initiates
 

lateral
 

bubble
 

expansion
 

through
 

understructure
 

gaps,
 

displacing
 

trapped
 

water
 

to
 

ultimately
 

restore
 

the
 

surface
 

air
 

plastron.
 

This
 

demonstrates
 

micro-nano
 

hierarchical
 

structural
 

regulation
 

of
 

bubble
 

dynamics.
Cyclic

 

wetting-recovery
 

testing
 

demonstrates
 

the
 

sustained
 

performance
 

over
 

34
 

cycles,
 

maintaining
 

CA
 

more
 

than
 

150°
 

and
 

SA
 

less
 

than
 

10°
 

(Fig. 5(d)) .
 

The
 

findings
 

validate
 

the
 

practical
 

reliability
 

of
 

underwater
 

recoverability,
 

offering
 

critical
 

experimental
 

guidance
 

for
 

superhydrophobic
 

material
 

design.
 

Furthermore,
 

the
 

results
 

establish
 

theoretical
 

frameworks
 

for
 

engineering
 

applications
 

such
 

as
 

ship
 

drag
 

reduction
 

and
 

microfluidic
 

systems.

Fig. 5　 Underwater
 

recoverable
 

performance:
 

(a)
 

theoretical
 

modeling
 

of
 

bubble
 

expansion
 

process;
 

(b)
 

contact
 

angles
 

for
 

bubble
 

on
 

wetted
 

sample;
 

( c)
 

process
 

of
 

surface
 

recovery
 

by
 

bubble
 

replenishment;
 

( d)
 

cyclic
 

performance
  

of
 

wetting
 

recovery
 

performance

2. 2　 Drag
 

reduction
 

performance
 

of
 

URSS
Hydrodynamic

 

drag
 

reduction
 

performance
 

was
 

evaluated
 

through
 

a
 

designed
 

free-falling
 

test
 

system.
 

The
 

apparatus
 

comprised
 

a
 

transparent
 

cylindrical
 

tank
 

( a
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diameter
 

of
 

30
 

cm,
 

a
 

height
 

of
 

120
 

cm )
 

filled
 

with
 

deionized
 

water
 

to
 

a
 

depth
 

of
 

110
 

cm.
 

Two
 

identical
 

specimens
 

were
 

symmetrically
 

mounted
 

on
 

a
 

stainless-
steel

 

block,
 

simultaneously
 

released
 

with
 

a
 

control
 

group
 

at
 

the
 

water
 

surface.
 

High-speed
 

videography
 

( 4
 

489
 

frames
 

per
 

second)
 

captured
 

descent
 

trajectories,
 

with
 

bottom
 

arrival
 

time
 

differentials
 

recorded.
 

The
 

falling
 

distance
 

was
 

determined
 

by
 

the
 

position
 

of
 

the
 

specimen’s
 

top.
 

Triplicate
 

trials
 

(Table
 

1)
 

demonstrate
 

a
 

reduction
 

of
 

0. 16
 

s
 

in
 

the
 

falling
  

time
 

for
 

specimen-equipped
 

stainless-steel
 

blocks,
 

corresponding
 

to
 

effective
 

interfacial
 

drag
 

reduction
 

via
 

air
 

plastron
 

stabilization
 

by
 

the
 

micro-nano
 

hierarchical
 

structure.
 

The
 

result
 

validates
 

practical
 

hydrodynamic
 

efficiency
 

while
 

providing
 

critical
 

experimental
 

benchmarks
 

for
 

marine
 

engineering
 

applications.

Table
 

1　 Free-falling
 

test
 

results

Sample Average
 

falling
 

time / s
Blank

 

stainless
 

steel
 

2. 67
Stainless

 

steel
 

with
 

URSS
 

pasted
 

on
 

both
 

sides
 2. 51

The
 

drag
 

reduction
 

performance
 

and
 

its
 

modulation
 

mechanisms
 

were
 

systematically
 

investigated
 

through
 

the
 

rotational
 

rheometric
 

analysis
 

of
 

CNP
 

concentration
 

effects.
 

The
 

testing
 

device
 

is
 

shown
 

in
 

Fig. 6 ( a ) .
 

Compared
 

to
 

0. 2%CNPs
 

and
 

0. 6%CNPs
 

within
 

a
 

shear
 

rate
 

range
 

of
 

40
 

to
 

100
 

s-1,
 

0. 4%CNPs
 

exhibits
 

superior
 

torque
 

and
 

drag
 

reduction
 

rate,
 

as
 

shown
 

in
 

Figs. 6( b)
 

and
 

6(c),
 

respectively.
 

Notably,
 

0. 4%CNPs
 

achieves
 

a
 

drag
 

reduction
 

rate
 

of
 

13. 6%
 

at
 

a
 

shear
 

rate
 

of
 

40
 

s-1 .
 

Performance
 

variation
 

arises
 

from
 

concentration-
modulated

 

surface
 

structural
 

modifications.
 

Excessive
 

CNP
 

loading
 

( a
 

mass
 

fraction
 

of
 

0. 6%)
 

induces
 

nanoparticle
 

aggregation
 

and
 

flow-induced
 

detachment,
 

thereby
 

compromising
 

superhydrophobic
 

integrity,
 

while
 

insufficient
 

CNP
 

loading
 

( a
 

mass
 

fraction
 

of
 

0. 2%)
 

results
 

in
 

inadequate
 

surface
 

coverage
 

for
 

microstructure
 

stabilization.
 

The
 

0. 4%
 

formulation
 

achieves
 

an
 

optimal
 

equilibrium
 

between
 

the
 

surface
 

packing
 

density
 

and
 

interfacial
 

adhesion
 

strength,
 

enabling
 

enhanced
 

hydrodynamic
 

performance.
 

The
 

finding
 

elucidates
 

the
 

concentration-modulated
 

drag
 

reduction
 

mechanism
 

while
 

establishing
 

fundamental
 

design
 

principles
 

for
 

engineering
 

highly
 

performant
 

superhydrophobic
 

surfaces
 

in
 

fluid
 

dynamics
 

and
 

microfluidic
 

applications.

Fig. 6　 Rotational
 

rheometer
 

measurements
 

and
 

results:
 

(a)
 

image
 

of
 

testing
 

device;
 

(b)
 

diagram
 

of
 

torque
 

vs.
 

shear
 

rate;
 

( c)
 

diagram
 

of
 

drag
 

reduction
 

rate
 

vs.
 

shear
 

rate

2. 3　 Numerical
 

simulation
 

of
 

drag
 

reduction
 

on
 

URSS
Numerical

 

simulations
 

were
 

conducted
 

to
 

evaluate
 

gas-liquid
 

interfacial
 

flow
 

dynamics
 

and
 

their
 

drag
 

reduction
 

mechanisms
 

through
 

velocity
 

distribution
 

analysis
 

of
 

microstructure
 

surfaces
 

( Fig. 7 ) .
 

Non-
superhydrophobic

 

surfaces
 

were
 

initially
 

modeled
 

by
 

using
 

no-slip
 

boundary
 

conditions,
 

revealing
 

lower
 

flow
 

velocities
 

in
 

microstructural
 

gaps
 

than
 

those
 

in
  

planar
 

regions
 

( Figs. 7 ( a)
 

and
 

7 ( b) ) ,
 

corresponding
 

to
 

a
 

drag
 

reduction
 

rate
 

of
 

10. 5%
 

( calculated
 

from
 

the
 

velocity
 

distribution
 

data) .
 

Subsequent
 

implementation
 

of
 

wall-slip
 

conditions
 

( 0. 15
 

m / s,
 

the
 

dashed
 

in
 

Fig. 7( c) )
 

for
 

superhydrophobic
 

surfaces
 

generated
 

low-velocity
 

zones
 

near
 

microstructure
 

walls,
 

with
 

minimized
 

shear
 

stress
 

in
 

gaps,
 

elevating
 

the
 

drag
 

reduction
 

rate
 

to
 

14. 2%
 

( also
 

calculated
 

from
 

the
 

velocity
 

distribution
 

data) .
 

This
 

simulated
 

value
 

aligned
 

with
 

rotational
 

rheometer
 

measurements
 

( 13. 6%
 

maximum
 

reduction ) ,
 

confirming
 

experimental-
simulative

 

consistency.
 

The
 

effectiveness
 

of
 

the
 

micro-
nano

 

hierarchical
 

structure
 

in
 

drag
 

reduction
 

optimization
 

was
 

thereby
 

confirmed.
 

A
 

fundamental
 

correlation
 

between
 

microstructure
 

geometry
 

and
 

gas-liquid
 

interfacial
 

flow
 

dynamics
 

was
 

established,
 

advancing
 

design
 

principles
 

for
 

enhanced
 

superhydrophobic
 

materials.
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Fig. 7　 Drag
 

reduction
 

numerical
 

simulation:
 

(a)
 

top
 

view
 

without
 

wall-slip;
 

(b)
 

cross-sectional
 

view
 

without
 

wall-slip;
 

(c)
 

top
 

view
 

with
 

wall-slip;
 

(d)
 

cross-sectional
 

view
 

with
 

wall-slip

3　 Conclusions

In
 

summary,
 

a
 

biomimetic
 

superhydrophobic
 

surface
 

with
 

micro-nano
 

hierarchical
 

architecture
 

was
 

fabricated
 

through
 

laser
 

ablation
 

and
 

PDMS
 

replication,
 

chained
 

nanoparticle
 

deposition,
 

and
 

fluorination
 

treatment.
 

Mechanical
 

durability
 

was
 

experimentally
 

validated
 

through
 

100-cycle
 

bidirectional
 

abrasion
 

(2
 

kPa)
 

and
 

5. 5
 

h
 

hydrodynamic
 

erosion
 

(25
 

kPa),
 

achieved
 

through
 

microstructure-enabled
 

nanoparticle
 

protection.
 

Plastron
 

regeneration
 

( 11. 6
 

s
 

bubble
 

replenishment )
 

with
 

34-cycle
 

durability
 

was
 

demonstrated.
 

Rheometric
 

measurements
 

confirmed
 

a
 

drag
 

reduction
 

of
 

13. 6%,
 

and
 

numerical
 

simulations
 

showed
 

a
 

resistance
 

decrease
 

of
 

14. 2%
 

(a
 

flow
 

velocity
 

of
 

1
 

m / s,
 

and
 

a
 

slip
 

velocity
 

of
 

0. 15
 

m / s) .
 

Microstructural
 

analysis
 

revealed
 

wall
 

shear
 

stress
 

reduction
 

through
 

velocity
 

gradient
 

attenuation
 

and
 

boundary
 

layer
 

optimization.
 

The
 

synergistic
 

mechanism
 

of
 

gas
 

transport
 

and
 

interfacial
 

stability
 

regulation
 

was
 

verified
 

via
 

the
 

hierarchical
 

architecture.
 

Compared
 

with
 

conventional
 

designs,
 

microcone-nanostructure
 

hybridization
 

enhanced
 

both
 

air
 

plastron
 

recoverability
 

and
 

hydrodynamic
 

performance.
 

Limitations
 

persist
 

in
 

high-velocity
 

flow
 

stabilization
 

and
 

multiphase
 

fluid
 

interactions.
 

This
 

study
 

establishes
 

theoretical
 

and
 

technical
 

foundations
 

for
 

high-performance
 

superhydrophobic
 

materials,
 

demonstrating
 

promising
 

applications
 

in
 

marine
 

drag
 

reduction
 

and
 

microfluidic
 

systems.
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具有分级结构的水下可恢复超疏水表面
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摘　 要:
 

水下超疏水表面在减阻领域具有广阔前景, 但其应用受限于表面气盾的水下不稳定性。 受水蜘蛛

气盾补充机制启发, 首先通过激光刻蚀和翻模法获得微锥阵列结构, 然后进行链状纳米粒子沉积和氟化处

理, 制备出具有稀疏微-纳分级结构的可恢复超疏水表面。 该超疏水表面表现出优异的耐久性, 可承受 100
次摩擦循环(2

 

kPa), 5. 5
 

h 水流冲击(25
 

kPa)。 这归因于微锥阵列, 其在机械作用下保护了超疏水纳米粒

子。 该分级结构具有水下亲气性, 可实现 34 次从完全润湿到超疏水状态的循环转变。 旋转流变试验计算得

知该表面减阻率达 13. 6%。 流体动力学模拟表明该微结构降低了表面的壁面剪切力, 在水流速度为 1
 

m / s、
壁面滑移速度为 0. 15

 

m / s 时, 减阻率达 14. 2%。 该研究为超疏水表面长效可持续减阻应用提供了理论依据

和设计方向。
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