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Abstract   Underwater camouflage materials can be hidden either from sight by being transparent or from sound by absorbing acoustic waves,

but achieving both in one material remains challenging due to their distinct chemical designs. Here we decouple these conflicting properties us-

ing a hierarchically  structured hydrogel  featuring unique dual-scale bicontinuous microphase separation.  By precisely  integrating hydrophilic

and  hydrophobic  units,  we  engineer  three  intertwined  polymer-rich  and  aqueous  phases  spanning  nano-to-micro  length  scales.  This  unique

nanoconfinement preserves optical clarity by minimizing light scattering while facilitating ultrahigh broadband energy dissipation. Furthermore,

the hydrogel’s acoustic impedance matches that of water, maximizing sound wave incidence into the material, where the propagating waves are

scattered and attenuated through viscoelastic damping within the highly tortuous hydrophilic phases. A hydrogel film only 4 mm thick can ab-

sorb nearly 78% of incident sound energy. These findings highlight molecular-engineered hierarchical phase separation as a powerful strategy

for developing advanced opto-acoustic soft materials.
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INTRODUCTION

Underwater  vehicles,  machines,  and  devices  play  vital  roles  in
ocean  exploration,  marine  biology,  the  offshore  industry,  and
deep-sea reconnaissance.[1−3] A key challenge lies in developing
adaptive  camouflage  materials  that  are  optically  invisible  to
avoid  interference  with  underwater  imaging  and  observation,
yet acoustically stealthy to evade sonar detection.[4,5] For exam-
ple,  aquatic  robots  and  drones  often  incorporate  high-resolu-
tion cameras for optical reconnaissance, while requiring acous-
tic  absorption  for  concealment.  In  such  applications,  high-per-
formance  sound-absorbing  materials  are  of  particular  interest
because  of  their  ability  to  reduce  both  the  echo  intensity  and
self-generated noise,  thereby mitigating detection by active or
passive sonars.[6,7] However, traditional transparent window ma-
terials  such  as  glass  and  plexiglass  suffer  from  a  significant
acoustic  impedance  mismatch  with  water  and  low  sound  ab-
sorption  coefficients,  making  them  easily  detectable  underwa-
ter.[7] Current sound-absorbing (meta)materials are typically de-

signed  with  subwavelength  cavity- or  particle-doped  compos-
ite/porous structures to maximize internal acoustic energy dissi-
pation  through  resonance,  scattering,  friction,  or  energy  con-
version  effects.[8−14] Nonetheless,  these  designs  often  compro-
mise the optical transparency owing to the inclusion of light-ab-
sorbing and scattering components.

Intrinsically viscoelastic soft materials, primarily elastomers
and gels, represent promising self-adaptive underwater coat-
ings  that  may  reconcile  optical  transparency  with  sound  ab-
sorption.  Acoustic  waves  are  mechanical  waves  that  propa-
gate elastically  through a  material.[15] At  the molecular  level,
they  induce  alternating  compression  and  elongation  of  the
polymer chains and segments, dissipating vibrational energy
as heat.[16] Thus, enhancing the viscosity-related damping ca-
pacity of soft  materials  can significantly improve their  sound
absorption  properties.[7,17] Moreover,  acoustic  impedance
matching  with  water  is  crucial  for  reducing  the  reflection  of
incident  sound  waves.  Although  most  polymers  exhibit
acoustic  impedance  closer  to  that  of  water  than  inorganic
materials,  even  slight  mismatches  can  cause  substantial
sound  reflection  at  interfaces.[18−21] Consequently,  conven-
tional  transparent  elastomers,  such  as  polydimethylsiloxane
(PDMS),  fail  to  effectively  attenuate  sound  waves  owing  to
impedance mismatch and limited damping capacity (Fig. 1a).
Although  hydrogels  offer  nearly  perfect  acoustic  impedance
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matching  with  water,  conventional  transparent  hydrogels
typically possess homogeneous structures and low structural
viscosity, leading to similarly weak sound absorption (Fig. 1b).
Therefore,  hydrogels  are  often  employed  as  high-sound
transmission  materials.[3,5,22,23] Phase  separation  methods
have been used to  enhance the damping capacity  of  hydro-
gels,  but  the  large  phase  size  often  sacrifices  optical  trans-
parency.[24,25] To date, fabricating soft materials that are both
optically  transparent  and  acoustically  damping  remains  a
formidable challenge.

In this study, we report a novel hierarchically structured hy-
drogel  that  combines  high  optical  transparency  with  broad-
band acoustic damping capacity (Fig. 1c). Experimentally, the
hydrogel  was  synthesized via copolymerization  of  2-perfluo-
rohexyl  ethyl  acrylate  (PFHEA)  and acrylic  acid  (AA)  (Fig.  1d).
Swelling in water induced the formation of a unique bicontin-

uous  structure  at  both  the  micro- and  nanoscale.  At  the
nanoscale,  a PPFHEA-rich hydrophobic phase and a PAA-rich
hydrophilic  phase  form  the  first  level  of  the  bicontinuous
structure.  At  the  microscale,  the  polymer  and  water  phases
constituted  the  second  level.  We  emphasize  the  importance
of  this  dual-scale  bicontinuous  nanostructure  for  acoustic
damping  because  it  provides  highly  tortuous  pathways  for
sound propagation and dissipation through multiple scatter-
ing  and  reflections  at  phase  boundaries.[26,27] Furthermore,
owing to the nanoconfined phase separation and a refractive
index close to that of water, the hydrogel is fully transparent
and nearly invisible in aquatic environments (Fig. 1d). The hy-
drogel  also  exhibited  acoustic  impedance  closely  matched
that  of  water,  maximizing the sound wave incidence.  Impor-
tantly,  the  relaxation  behavior  arising  from  the  hydrogen-
bonded  PAA-rich  hydrophilic  phase  endows  the  hydrogel
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Fig.  1    Schematic  design  and  working  mechanism  of  transparent  hierarchical  hydrogel  for  underwater  acoustic  damping.  (a)  Conventional
transparent elastomers exhibit acoustic impedance mismatch with water, leading to strong sound reflection and weak absorption; (b) Conventional
transparent hydrogels have matched acoustic impedance with water but weak damping capacity, resulting in strong sound transmission and weak
absorption;  (c)  Our hierarchical  hydrogel  integrates matched acoustic  impedance with water and high damping capacity,  enabling strong sound
absorption;  (d)  Hierarchical  structure  of  P(PFHEA-co-AA)  hydrogel  at  different  length  scales.  The  right  photograph  shows  the  underwater
transparency of the P(PFHEA-co-AA30%) sample.
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with an ultrahigh damping capacity over a broad underwater
sound  frequency  range  (10  Hz–20  MHz;  damping  figure  of
merit≈4.2–30.2  MPa).  We  further  elucidate  the  damping
mechanism and demonstrate the potential of this material for
underwater acoustic damping and camouflage applications.

EXPERIMENTAL

Materials
2-Perfluorohexylethyl acrylate (PFHEA, Adamas), acrylic acid (AA,
TCI), acrylamide (AAm, TCI), 1-hydroxycyclohexyl phenyl ketone
(Irgacure  184,  TCI),  2-hydroxy-4'-(2-hydroxyethoxy)-2-methyl-
propiophenone  (Irgacure  2959,  Adamas), N,N'-
methylenebisacrylamide  (MBAA,  TCI),  NaCl  (Macklin),  poly-
dimethylsiloxane  (PDMS,  SYLGARDTM 184  Silicone  Elastomer
Kit), and artificial seawater (Yier, Seasalt) containing a mixture of
dissolved mineral salts. PFHEA and AA were purified by passing
through  a  basic  alumina-filled  column  to  remove  the  inhibitor
before use. All other chemicals were used as received.

Preparation of P(PFHEA-co-AA) Hydrogel
P(PFHEA-co-AA) hydrogels with AA molar fractions varying from
0%  to  50%  (relative  to  total  monomers)  were  synthesized via
photo-induced  copolymerization.  For  a  typical  synthesis  of
P(PFHEA-co-AA30%),  PFHEA (2.78 g,  6.65 mmol)  and AA (0.22 g,
2.89  mmol)  were  mixed  with  the  photoinitiator  Irgacure  184
(4.85  mg,  0.25  mol%  of  total  monomers).  The  mixture  was
stirred at room temperature for 30 min and sonicated for 20 min
to obtain a homogeneous precursor solution. This solution was
injected into a glass mold assembled with a release film and sili-
cone spacer of specific thickness. After UV irradiation for 1 h, the
P(PFHEA-co-AA30%) sample was obtained. The as-prepared sam-
ple  was  then  immersed  in  deionized  water  at  room  tempera-
ture for three days to reach swelling equilibrium, yielding the fi-
nal P(PFHEA-co-AA30%) hydrogel.

Preparation of PDMS
The PDMS elastomer was prepared using a SYLGARDTM 184 sili-
cone  elastomer  base  and  curing  agent  at  a  mass  ratio  of  10:1.
The components were mixed and mechanically stirred until uni-
form,  followed by  vacuum degassing to  remove entrapped air
bubbles.  The  mixture  was  poured  into  a  silicone  mold  with  a
cavity  thickness  of  4  mm  and  cured  under  static  conditions  at
room temperature for 16 h to ensure complete cross-linking.

Preparation of PAAm Hydrogel
Transparent PAAm hydrogel was prepared according to a previ-
ously  reported  procedure  for  highly  entangled  hydrogels.[28]

Briefly, 30 g of AAm was dissolved in 15 mL of deionized water.
Separate  solutions  of  0.1  mol·mL–1 MBAA  in  water  and  0.1
mol·mL–1 Irgacure 2959 in ethanol, respectively, were prepared.
These solutions were mixed to achieve a molar ratio of water to
AAm  of  2.0,  MBAA  to  AAm  of  1.0×10–5,  and  Irgacure  2959  to
MBAA of 0.4. The precursor solution was sonicated for 3 min at
room temperature, injected into a glass mold with a 2-mm-thick
silicone  spacer,  and  photopolymerized  under  UV  light  for  1  h.
The  as-prepared  PAAm  hydrogel  was  immersed  in  deionized
water for two days to reach swelling equilibrium, yielding a final
thickness of about 4 mm.

Characterizations
Tensile and compressive tests were performed using a universal

testing  machine  (UTM2103;  Shenzhen  Suns  Technology).  The
refractive indices were measured at room temperature using a
digital refractometer (PAL-RI, ATAGO) with a built-in yellow light
source  (589  nm).  The  transparency  of  the  hydrogel  films  was
evaluated  using  a  UV-Vis  spectrophotometer  (Lambda  950,
PerkinElmer).  Low-field 1H/19F  NMR  spectra  and  2D  correlation
spectra were acquired at 20 °C using an NMR analyzer (VTMR20-
010V-I,  Suzhou  Niumag  Corporation)  equipped  with  hydrogen
and fluorine probes at 20 °C. Atomic force microscopy (AFM) im-
ages were obtained using an atomic force microscope (MFP-3D
Bio,  Oxford  Instruments)  in  tapping  mode.  Dynamic  compres-
sion tests at high strain rates were conducted on cylindrical hy-
drogel samples (diameter is about 20 mm, thickness is about 10
mm)  using  a  ZDSHTB-20/15  Split-Hopkinson  pressure  bar  (SH-
PB)  apparatus.  The water  content  was determined via thermo-
gravimetric analysis (TGA, TA Discovery TGA550) under a nitro-
gen atmosphere, scanning from room temperature to 600 °C at
20  °C·min–1.  Differential  scanning  calorimetry  (DSC)  measure-
ments  were  conducted  using  a  differential  scanning  calorime-
ter  (TA  Discovery  DSC250)  under  a  nitrogen  atmosphere  from
–30  °C  to  50  °C  at  a  heating  rate  of  20  °C·min–1.  DSC  samples
were  sealed  in  crucibles  to  prevent  water  evaporation.  The
acoustic  absorption  performance  was  evaluated  using  a  PVA
TePla  AM300  scanning  acoustic  microscope  with  a  10  MHz
transducer to vertically scan a PCB with/without hydrogel coat-
ing (thickness is about 4 mm).

Rheological Measurement
Rheological characterization was performed on a HAAKE MARS
60  modular  rheometer  (Thermo  Scientific)  with  temperature
control  using  8-mm  parallel  plates.  Frequency  sweeps  were
conducted  at  a  constant  strain  of  0.1%  and  set  temperatures.
Temperature  sweeps  from –30  °C  to  80  °C  were  performed  at
0.1 Hz with a heating rate of 3 °C·min–1. The relaxation spectrum
H(τ) was derived from the frequency-dependent moduli (G′ and
G″) by solving the following equation:

G′ (ω) = ∫ ∞

−∞
H(τ) ω2τ2

1+ω2τ2
dln(τ) (1)

G′′ (ω) = ∫ ∞

−∞
H(τ) ωτ

1+ω2τ2
dln(τ) (2)

where G' is the storage modulus, G″ is the loss modulus, ω is the
angular frequency, τ is the relaxation time (reciprocal of the fre-
quency), and H(τ) is the relaxation factor.

Small-angle X-Ray Scattering (SAXS)
SAXS  experiments  were  performed  using  a  laboratory-based
SAXS-WAXS beamline, KWS-X (XENOCS XUESS 3.0 XL), at JCNS-
MLZ,  Garching,  Germany.  A  Metal-Jet  X-ray  source  (Excillum
D2+) with a liquid metal anode was operated at 70 kV and 3.57
mA,  emitting  Ga-Kα radiation  (λ=1.314  Å).  Samples  were  mea-
sured in sealed 2-mm glass capillaries. Temperature-variable ex-
periments used a peltier-controlled stage. The sample-to-detec-
tor distance varied from 0.65 m to 1.70 m. SAXS patterns were
normalized to  an absolute  scale,  azimuthally  averaged to  yield
1D  intensity  profiles,  and  background-subtracted.  The  phase
separation structure was analyzed using the Power law-Teubn-
er  joint  model  and  Beucage  model  to  determine  the  phase
spacing and domain size.

Temperature-variable IR Measurement
Temperature-variable  FTIR  spectra  were  acquired  on  a  Nicolet
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iS50 spectrometer in the transmission mode. A small amount of
the precursor solution was deposited between two ZnSe tablets
for in  situ photopolymerization  into  an  ultrathin  film.  After
swelling  in  water,  the  hydrated  sample  was  sealed  between
ZnSe tablets using parafilm. The sample was heated from –20 °C
to 80 °C in 2 °C increments at a rate of 1.5 °C·min–1.

Two-dimensional Correlation Spectroscopy (2DCOS)
Temperature-variable  FTIR  spectra  were  analyzed  using  2D
Shige software ver.  1.3 (©Shigeaki Morita,  Kwansei Gakuin Uni-
versity,  Japan,  2004–2005).  In  the  contour  maps,  red  and  blue
indicate positive and negative intensities, respectively.

Acoustic Measurements
The underwater acoustic impedance and sound absorption co-
efficients of the PAAm hydrogel, PDMS, PPFHEA, and P(PFHEA-
co-AA)  hydrogel  were  measured  using  the  transfer  function
method  with  an  SW422/SW477  impedance  tube  system.  The
tests were conducted in a standard impedance tube filled with
deionized water. All the samples were disk-shaped (diameter: 10
cm;  thickness:  4  mm)  and  mounted  in  a  sample  holder  with
sealed  edges  to  prevent  water  short-circuiting.  The  sound  ab-
sorption was measured at room temperature over 0.1–109 Hz.

To  evaluate  the  underwater  sound  wave  damping  perfor-
mance, an underwater loudspeaker emitted simulated or real
acoustic  signals,  which  were  acquired  using  a  Tektronix
MDO3024 oscilloscope and an RHS-20 hydrophone. The sam-
ple  was  fixed  between  the  sound  source  and  hydrophone
and fully submerged in a water tank.

RESULTS AND DISCUSSION

Synthesis and Optimization of Hierarchical Hydrogel
P(PFHEA-co-AA)  hydrogels  were  prepared via photo-initiated
bulk  copolymerization  of  PFHEA  and  AA,  followed  by  subse-
quent swelling in water. AA was selected as the comonomer be-
cause  of  its  hydrophilicity  and  excellent  compatibility  with
PFHEA, which yielded fully transparent precursor solutions (Fig.
S1 in the electronic supplementary information,  ESI).  Fluorinat-
ed PPFHEA served as  the  hydrophobic  component  because  of
its  high underwater  stability  and ultralow refractive  index.[29,30]

To  optimize  the  transparency  and  damping  performance,  we
varied the AA molar fraction from 0% to 50%. The resulting hy-
drogels  were  highly  transparent,  with  >92%  transmittance  in
the visible range when the molar fraction of AA was below 40%
(Fig. 2a).  This  high transmittance implies  that  the  nanodomain
size is  likely to be below the Rayleigh scattering limit  of  visible
light (generally <40 nm, 1/10 wavelength).[31] Moreover, the re-
fractive index (n) of the representative P(PFHEA-co-AA30%) sam-
ple  is  1.345  (Fig. S2  in  ESI),  closely  matching  that  of  water
(n=1.33), and thus contributing to the material’s high underwa-
ter transparency. Increasing the AA molar fraction to 50% led to
large-scale  phase  separation  and  a  slight  reduction  in  trans-
parency. The water contents of the hydrogels were measured to
be relatively low, increasing from 2 wt% for P(PFHEA-co-AA10%)
to 12.5 wt% for P(PFHEA-co-AA50%), indicating a highly confined
PAA-rich hydrophilic phase (Fig. S3 in ESI). Despite this low over-
all water mass content, we continued to classify these materials
as  hydrogels  because  water  strongly  hydrates  the  PAA-rich
phase at high molar concentrations.

Tensile  tests  revealed  that  all  hydrogels  were  highly

stretchable and tough (Figs. 2b and 2c). The neat PPFHEA ex-
hibited fully elastic behavior,  with a Young's modulus of 128
kPa  and  an  elongation  of  1508%.  Introducing  H-bonded  AA
units  significantly  stiffened  the  hydrogel  and  induced  yield-
ing.  The  optimal  mechanical  properties  were  observed  for
P(PFHEA-co-AA30%),  with  a  Young's  modulus  of  7.2  MPa  and
toughness  of  5.0  MJ·m–3.  Further  increasing  the  AA  molar
fraction  gradually  reduced  the  mechanical  strength  as  the
higher  proportion  of  soft  PAA-rich  and  aqueous  phases  be-
gan to counterbalance the stiffness imparted by the PPFHEA-
rich phase.

Damping  refers  to  the  attenuation  of  vibrations  through
dissipation  of  mechanical  energy  as  heat.[32−35] Shear-based
rheology provides an indirect yet physically grounded means
to  assess  the  acoustic  damping  capacity,  as  shear  sound
waves dissipate more rapidly in viscoelastic media than longi-
tudinal  waves.[6,7] Accordingly,  we  constructed  rheological
master  curves  for  all  hydrogels  using  the  time-temperature
superposition principle, with 20 °C as the reference tempera-
ture  (Fig.  2d).  No  water-freezing  artifacts  were  observed  at
low temperatures (from –30 °C to 0 °C),  as validated by both
the  maintained  transparency  and  differential  scanning
calorimetry (DSC) measurements (Figs. S4 and S5 in ESI). Simi-
lar  to  typical  viscoelastic  materials,  all  master  curves  exhibit
three  distinct  regimes  with  increasing  frequency:  rubbery,
dissipating (glass transition),  and glassy.[33,36] The rheological
behavior within the experimental timescale (about 0.1 Hz) re-
flected  the  observed  mechanical  performance,  showing  a
transition  from  rubbery  to  dissipating  states  with  increasing
AA molar fraction, which is consistent with the tensile results
(Fig.  S6  in  ESI).  All  master  curves  displayed  a  maximum  loss
factor (tanδ = G''/G'; where G'' and G' are the loss and storage
moduli,  respectively)  peak corresponding to the glass  transi-
tion of the PPFHEA-rich phase. This peak gradually shifted to
lower tanδ values and lower frequencies as the AA molar frac-
tion  increased  owing  to  the  enhanced  nanoconfinement  of
the hydrophobic network via H-bonded AA units.

Notably,  the  introduction  of  the  AA  units  also  induced  a
new relaxation peak in the high-frequency regime (1–108 Hz).
A higher AA molar fraction increased the relative area of this
peak  compared  with  that  of  the  PPFHEA-rich  phase  (from
18%  for  10%  AA  to  75%  for  50%  AA;  Fig.  S7  in  ESI).  We  at-
tribute  this  to  the  relaxation  of  the  hydrogen-bonded  PAA-
rich  hydrophilic  phase.  Given  that  sonar  and  ultrasonic  de-
vices operate between 10 Hz and 20 MHz,[5] this relaxation is
critical  for  high-frequency  acoustic  damping.  Temperature-
sweep  rheological  tests  corroborated  these  characteristics,
with  the  relaxation peak  of  the  PAA-rich  phase  appearing at
low temperatures (Figs.  S8 and S9 in ESI).  In contrast,  the re-
laxation  frequency  of  the  hydrophobic  PPFHEA-rich  phase
falls significantly below the target underwater acoustic band;
thus,  it  contributes  negligibly  to  acoustic  damping  and  pri-
marily maintains structural integrity.  While integral to the bi-
continuous architecture, the aqueous phase exhibits ultrafast
molecular motions with relaxation frequencies far  exceeding
the  acoustic  range  of  interest.  Instead,  it  facilitates  acoustic
impedance matching and creates tortuous propagation path-
ways, extending the effective path length of the sound waves
within  the  dissipative  phase.  Consequently,  as  sound  waves
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propagate through the bicontinuous structure, they undergo
repeated  phase-boundary  crossing,  multiple  scattering,  and
mode  conversion,  ultimately  dissipating  mechanical  energy
as heat via relaxation of the PAA-rich phase.

To better assess the damping properties from an energetic
perspective, we defined the damping figure of merit as tanδ ×
G*,  where  the  complex  modulus  is  given  by G* =  √(G'2 +
G''2).[37,38] While  the  dimensionless  loss  factor  tanδ reflects  a

material’s  inherent  efficiency in  converting mechanical  ener-
gy into heat,  it  does not quantify the absolute magnitude of
the dissipated energy.  By incorporating both dissipative effi-
ciency and structural stiffness, the product tanδ × G* serves as
a more comprehensive figure of merit for the total energy dis-
sipation. A high tanδ × G* value indicates a superior capacity
for attenuating acoustic energy. Across all samples, tanδ × G*
values  increased  with  frequency,  demonstrating  an  en-
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Fig.  2    Mechanical  properties  and characterization of  P(PFHEA-co-AA) hydrogels  with varying AA molar  fractions.  (a)  Transmittance spectra and
corresponding  photographs;  (b)  Tensile  stress-strain  curves  (strain  rate:  0.2  s–1);  (c)  Corresponding  Young's  moduli  and  toughness;  (d)  Time-
temperature superposition rheological master curves and corresponding tanδ curves (reference temperature: 20 °C); (e) Damping figure of merits,
tanδ × G*, calculated from (d); (f) Stacked SAXS profiles in log-log scale at 20 °C and schematic hierarchical bicontinuous structure.
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hanced  damping  performance  for  high-frequency  sound
waves (Fig. 2e). The P(PFHEA-co-AA30%) sample exhibited the
highest  damping  capacity  over  the  entire  frequency  range.
Within  the  underwater  sound  frequency  range  (10  Hz–20
MHz), its damping figure of merit reached 4.2–30.2 MPa, rank-
ing among the highest reported for soft materials.[39−41] Con-
version of the master curves into relaxation spectra, which al-
so reflect energy dissipation under dynamic loading[42,43] sup-
ported this conclusion (Fig. S10 in ESI). Unless otherwise stat-
ed,  all  subsequent  discussions  refer  to  the optimal  P(PFHEA-
co-AA30%)  sample.  Notably,  even  after  immersion  in  artificial
seawater  or  various  saline solutions  (0.2–1 mol·L–1 NaCl),  the
hydrogel  maintained  a  similar  swelling  ratio  as  well  as  high
damping  capacity  (Figs.  S11–S14  in  ESI),  demonstrating  its
high  salt  resistance  and  suitability  for  both  freshwater  and
marine applications.

The  superior  damping  performance  of  the  P(PFHEA-co-
AA30%)  hydrogel  was further  validated through dynamic me-
chanical  characterization.  Steel  ball  impact  tests  were  per-
formed  to  evaluate  its  response  to  transient  mechanical
loads. The hydrogel dissipated impact energy rapidly, achiev-
ing  an  attenuation  of  approximately  50%  of  the  first-impact
force.  This  performance  significantly  outperformed  both
polyacrylamide (PAAm) hydrogel and PDMS controls (Fig. S15
in ESI).  Additionally,  the mechanical damping capacity under
high-speed  loading  was  assessed  using  a  Split-Hopkinson
Pressure  Bar  (SHPB)  system.  The  energy  absorption  capacity
increased sharply from 0.34 MJ·m–3 at  500 s–1 to 9.05 MJ·m–3

at  2000  s–1 (Fig.  S16  in  ESI),  demonstrating  markedly  en-
hanced energy absorption of the hydrogel at ultrahigh strain
rates.

Small-angle  X-ray  scattering  (SAXS)  was  used  to  investi-
gate  the  hierarchical  structural  evolution  of  the  hydrogels
with varying AA molar fractions (Fig. 2f). In the high q region
(q>1  nm–1),  related  to  nanostructural  features,  neat  PPFHEA
elastomer  exhibited  two  correlation  peaks  at q≈2.7  and  4.9
nm–1,  corresponding to the primary phase-to-phase distance
(dnanophase = 2π/q) and the secondary interchain distance (din-

terchain),  respectively.  The bicontinuous nanophase separation
in the neat PPFHEA elastomer arises from the inherent incom-
patibility  between  its  hydrocarbon  backbone  and  perfluori-
nated side chains.[33,44] Incorporating AA units, which are also
incompatible  with  perfluorinated  side  chains,  shifted  these
peaks  to  lower q values,  indicating  an  increased  interphase
and  interchain  spacing.  The  samples  with  30%  and  40%  AA
exhibited  sharper  correlation  peaks,  revealing  the  formation
of  a  lamellar  structure  with  improved  ordering  in  the  bicon-
tinuous nanophase.  Further increasing the AA molar fraction
to  50%  resulted  in  the  disappearance  of  sharp  peaks  due  to
the swelling-induced disruption of the structural order. In the
low q region  (q<1  nm–1),  which  reflects  microstructural  fea-
tures, no significant microphase separation was observed for
neat PPFHEA or the copolymer hydrogel with 10% AA. How-
ever,  at  AA  molar  fractions  of  20%–40%,  bicontinuous  mi-
crophase  separation  occurred,  forming  interconnected  is-
land-like  domains.  The  average  domain  spacing  (dmicrophase)
was  approximately  28.6  nm,  with  domain  sizes  greater  than
15 nm (Fig.  S17 in ESI).  Further increasing the AA molar frac-
tion to 50% disrupted the bicontinuous microstructure, which

was  replaced  by  large  aggregates.  These  SAXS  results  con-
firm that the optimal hydrogel with 30% AA possesses a well-
developed hierarchical bicontinuous structure at both the mi-
cro- and nanoscale.

Dynamic Phase Separation and Physical Interactions
Dual-scale bicontinuous phase separation and internal physical
interactions  are  key  structural  factors  contributing  to  the  high
damping performance of the P(PFHEA-co-AA) hydrogel. Atomic
force  microscopy  (AFM)  phase  imaging,  which  detects  phase
shifts based on the interaction between the tip and surface, al-
lows  the  differentiation  of  phases  with  distinct  viscoelastic
properties. Here, AFM clearly revealed the dual-scale bicontinu-
ous  structure:  aqueous  and  polymer  phases  at  the  microscale
(20–100  nm)  and  PPFHEA-rich  and  PAA-rich  phases  at  the
nanoscale (<10 nm) (Fig. 3a). This three-phase hierarchical struc-
ture was further confirmed by two-dimensional low-field 1H nu-
clear  magnetic  resonance  (NMR)  spectroscopy  (Fig.  3b).  In  the
2D low-field NMR spectrum, the T1/T2 ratio (T1: spin-lattice relax-
ation time; T2:  spin-spin relaxation time) reflects molecular mo-
bility,  with a  higher  ratio  indicating lower mobility,  and the di-
agonal  line  where T1/T2=1  represents  a  fully  mobile  liquid
state.[45,46] Three  distinct  phases  were  identified:  PPFHEA-rich
phase  (T1/T2=558.8),  PAA-rich  phase  (T1/T2=57.1),  and  aqueous
phase (T1/T2=14.5). The relatively low T1/T2 ratio of the aqueous
phase suggests that the water molecules are not strongly con-
fined and can form interconnected tortuous channels for sound
propagation.  The  higher T1/T2 ratio  of  the  PPFHEA-rich  phase
compared to the PAA-rich phase indicates greater confinement
of the PPFHEA chains owing to the incorporated H-bonded AA
units. This H-bond-induced confinement was also evident in the
low-field 19F-NMR spectra with varying AA molar  fractions (Fig.
S18 in ESI).

Since frequency is not a convenient stimulus for structural
analysis, we used temperature as a proxy based on the time-
temperature equivalence principle (lower temperature corre-
sponds  to  shorter  time  scales  or  higher  frequencies).[43,47]

Temperature-variable  SAXS  was  used  to  study  the  structural
changes from –30 °C to 70 °C, a temperature range employed
for  time-temperature  superposition  rheology  (Fig.  3c).  The
low-q region exhibited minimal changes,  indicating an ultra-
stable  microscale  bicontinuous  structure.  The  high-q region,
corresponding  to  the  nanoscale  bicontinuous  structure,  re-
mained  stable  below  40  °C,  indicating  that  the  ordered
nanostructure  was  stable  at  both  normal  and  high  frequen-
cies. Only above 40 °C, where chain dynamics of the PPFHEA-
rich phase are activated (Tg≈34.3 °C), did the secondary inter-
chain  spacing  peak  (q≈3.4  nm–1)  diminish  and  the  primary
correlation  peak  (q≈2.0  nm–1)  broaden,  indicating  loss  of
structural  order.  These observations highlight the stability  of
the hierarchical bicontinuous structure over a wide tempera-
ture and frequency range.

Temperature-variable  infrared  (IR)  spectra  were  collected
from –20  °C  to  80  °C  to  probe  the  internal  physical  interac-
tions  (Fig.  3d).  Binary  intensity  changes  in  the v(C＝O)  peak
indicated the heat-induced weakening of dipolar interactions
among  PPFHEA  ester  groups  and  dissociation  of  hydrogen
bonds among PAA carboxylic acid groups.[44] Binary changes
were  also  observed  for δ(H2O)  (O―H  bending),  suggesting
the dissociation of hydrogen bonds between water and PAA
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groups.  Two-dimensional  correlation  spectroscopy  (2DCOS)
provided further insights into subtle interaction changes (Fig.
3e).  Synchronous  and  asynchronous  spectra  reveal  detailed
information  on  intensity  variations  at  specific
wavenumbers.[48] According  to  Noda’s  rule,[44,49] the  se-
quence of spectral responses was: 1645 cm–1 → 1610 cm–1 →
1684 cm–1 → 1699 cm–1 → 1728 cm–1 → 1753 cm–1 → 1765
cm–1 (→ denotes “prior to” or “earlier  than”;  see Table S1 for
determination  details  in  ESI).  This  sequence  corresponds  to
δ(OH) (H2O, H-bonded to PAA) → δ(OH) (free H2O) → v(C＝O)
(PAA,  oligomeric  H-bond)  → v(C＝O)  (PAA,  dimeric  H-bond)
→ v(C＝O)  (PPFHEA,  dipolar)  → v(C＝O)  (PAA,  free)  →
v(C＝O) (PPFHEA, free). The earliest response of the PAA- and
water-related  groups  indicates  that  heat-induced  chain  dy-
namics  are  driven  by  molecular  changes  in  the  PAA-rich  hy-
drophilic  phase.  This  confirms  that  the  damping  properties
were  dominated  by  the  relaxation  of  the  PAA-rich  phase,
which  occurred  at  lower  temperatures  and  higher  frequen-
cies. The subsequent response of the PPFHEA-related groups
demonstrates  the  relative  inertness  of  the  PPFHEA-rich  hy-
drophobic phase to temperature changes, which helps main-
tain a stable bicontinuous structure.

Underwater Acoustic Damping Properties
With advances in deep-sea exploration and marine engineering,
underwater  sound-absorbing  materials  are  facing  increasingly
stringent  performance  requirements.  In  addition  to  optical

transparency for unimpeded visual reconnaissance, an ideal ma-
terial  should  reduce  both  transmitted  and  reflected  sounds  to
avoid detection by active and passive sonars (Fig. 4a).  Acoustic
impedance matching with water is crucial for minimizing reflec-
tion  at  the  material-water  interface.  Water  has  an  acoustic
impedance  of  approximately  1.45  MRayl.  While  the  PAAm  hy-
drogel  with  high  water  content  showed  a  slightly  higher
impedance  (1.6  MRayl),  pure  elastomers  such  as  PDMS  and
PPFHEA  with  low  sound  velocities  had  much  lower  acoustic
impedances  (1.07 and 1.1  MRayl,  respectively),  which indicates
high sound reflection at the elastomer-water interface (Fig. 4b).
Crucially, the P(PFHEA-co-AA) hierarchical hydrogel achieved an
acoustic impedance of 1.40 MRayl, which was remarkably close
to that of water. This suggests that the presence of the PAA-rich
phase effectively counteracts the low acoustic impedance of the
PPFHEA-rich  phase,  resulting  in  a  significantly  enhanced  and
optimized  acoustic  impedance  for  minimal  underwater  sound
reflection.

The  high  viscoelasticity  and  mechanical  damping  proper-
ties of the hierarchical hydrogel contributed to its high acous-
tic  damping  capacity,  which  significantly  reduced  the  trans-
mitted sound.  The sound absorption coefficients  (defined as
the ratio of absorbed to incident sound intensity) were calcu-
lated  using  the  transfer  function  method.[7] All  four  polymer
materials  with  a  thickness  of  4  mm reached a  plateau in  the
sound absorption coefficient at high frequencies (104–109 Hz)
(Fig. 4c, Fig. S19 in ESI),  which covers the frequency range of
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Fig.  3    Dynamic  phase  separation  and  physical  interactions  of  P(PFHEA-co-AA30%)  hierarchical  hydrogel.  (a)  AFM  phase  image  at  20  °C  (lighter
regions correspond to the PPFHEA-rich phase while darker regions to the PAA-rich and aqueous phases); (b) 2D low-field 1H-NMR spectrum at 20 °C;
(c)  Temperature-variable SAXS profiles  in log-log scale from –30 °C to 70 °C;  (d)  Temperature-variable IR spectra from –20 °C to 80 °C;  (e)  2DCOS
synchronous  and  asynchronous  spectra  derived  from  (d).  Red  and  blue  colors  in  2DCOS  spectra  represent  positive  and  negative  intensities,
respectively.

  Lou, C. C. et al. / Chinese J. Polym. Sci. 2026, 44, 1727–1737 1733

 
https://doi.org/10.1007/s10118-026-3642-5

 

https://doi.org/10.1007/s10118-026-3642-5
https://doi.org/10.1007/s10118-026-3642-5
https://doi.org/10.1007/s10118-026-3642-5
https://doi.org/10.1007/s10118-026-3642-5
https://doi.org/10.1007/s10118-026-3642-5
https://doi.org/10.1007/s10118-026-3642-5
https://doi.org/10.1007/s10118-026-3642-5


common sonar and ultrasonic systems. Remarkably, the hier-
archical hydrogel exhibited the highest acoustic damping ca-
pacity,  with  an  average  sound  absorption  coefficient  of  0.78
(means  78% sound energy  is  absorbed).  This  performance is
among  the  best  reported  for  underwater  sound  absorbing
materials  (see  Table  S2  for  a  detailed  comparison  in  ESI).
While direct benchmarking is inherently constrained by varia-
tions in the frequency range, sample thickness, and measure-
ment methodology, it  is  generally observed that the absorp-
tion  coefficient  correlates  positively  with  thickness.  An  in-
creased  thickness  extends  the  wave  propagation  paths  and
interaction time with  the dissipative  medium.  Consequently,
achieving high absorption in thin profiles places a greater de-
mand  on  intrinsic  energy  dissipation  mechanisms.  Although
some  existing  materials  reach  coefficients  of  0.7–0.9,  they

typically require thicknesses exceeding 8 mm. In contrast, our
hierarchical design enhanced the intrinsic dissipation efficien-
cy,  enabling  significant  acoustic  attenuation  without  relying
on the bulk material thickness.

To  demonstrate  the  acoustic  damping  performance,  we
generated underwater sound waves at 500, 5000, and 20000
Hz  (Fig.  4d;  see  the  experimental  setup  in  Fig.  S20  in  ESI).
Compared to sound transmission in pure water, all four poly-
mer materials attenuated the sound. The sound transmission
loss,  defined  as  20×lg(V0/V)  in  dB  (where V and V0 are  the
sound-induced  electrical  waveform  amplitudes  across  the
sample  and  water,  respectively),  was  calculated  (Fig.  4e).[50]

All  the samples showed increased transmission loss with fre-
quency,  which  is  consistent  with  the  frequency-dependent
damping  figure  of  merits  in Fig.  2(e).  Due  to  its  matched
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impedance  with  water  and  high  absorption  coefficient,  the
hierarchical hydrogel exhibited the highest transmission loss.
We further evaluated the damping performance by using re-
al  sound  waves  with  complex  waveforms.  As  shown  in Fig.
4(f),  the  hierarchical  hydrogel  effectively  dampened  the  real
sound  waves,  whereas  the  control  samples  only  slightly  at-
tenuated and distorted the waves.

Finally, scanning acoustic microscopy was used to demon-
strate  the  acoustic  attenuation  capability  of  the  hierarchical
hydrogel  as  a  coating (Fig.  4g).  A  printed circuit  board (PCB)
served  as  the  target  object.  The  C-scan  technique  clearly
identified  the  PCB  underwater  in  both  reflection  and  trans-
mission  modes  at  10  MHz.  However,  when  coated  with  a
transparent  hierarchical  hydrogel  film  (about  4  mm  thick),
nearly all the echo and transmitted signals were blocked, ren-
dering  the  PCB  acoustically  invisible.  These  results  under-
score  the  potential  of  our  hierarchical  hydrogel  for  acoustic
absorption  applications  such  as  camouflaging  underwater
robots and drones.

CONCLUSIONS

In  this  study,  we  developed  a  nanoconfined  phase-separated
P(PFHEA-co-AA)  hierarchical  hydrogel  that  combined  optical
transparency  with  acoustic  damping.  Unlike  conventional  ho-
mogeneous elastomers  and hydrogels,  our  material  featured a
dual-scale bicontinuous structure with intertwined PPFHEA-rich,
PAA-rich,  and  aqueous  phases.  This  unique  structure  provides
simultaneous  acoustic  impedance  matching  with  water  and  a
high  viscoelasticity  for  attenuating  vibrational  energy.  As  a  re-
sult, the hierarchical hydrogel maximized the incidence and ab-
sorption  of  broadband  sound  waves,  significantly  reducing  re-
flection  and  transmission  across  a  broad  frequency  range.  The
shape  adaptability,  optical  camouflage,  and  acoustic  attenua-
tion make the hydrogel a promising coating material for under-
water vehicles, devices, and robots. Furthermore, this nanocon-
fined hierarchical design strategy offers a new paradigm for de-
veloping advanced underwater soft materials with tunable op-
toacoustic properties.
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This work presents a hierarchical hydrogel that combines
optical  transparency and acoustic  damping capacity.  The
hydrogel  features  a  dual-scale  bicontinuous  nanostruc-
ture comprising three intertwined phases: hydrophilic, hy-
drophobic, and aqueous. This architecture enables acous-
tic  impedance  matching  with  water,  strong  vibrational
damping, and ultrahigh absorption of sound.
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