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Abstract   Self-healing polyurethane (PU) elastomers will greatly extend the service life of key components, reduce maintenance costs, and pro-

mote sustainability. However, dense hydrogen bonds cannot quickly recover after stretching, causing permanent deformation, while high-tem-

perature and long-duration curing are required for their crosslinking. Therefore, dual crosslinked networks are designed herein to achieve self-

healable, high-resilience and UV-curable polyurethane-urea elastomers (PUU-SS-Zn), using polycarbonate diol (PCDL) as the soft segment for en-

tropic elasticity, cystamine (Cy) as a chain extender for disulfide bonds and urea-linked hydrogen bonds, 2-hydroxyethyl acrylate (HEA) as end-

capping groups for rapid UV-curing, ZnCl2 for metal coordination bonds. The resultant elastomers are UV-cured within 100 s, exhibit a transmit-

tance >92%, tensile strength of 11.8 MPa, and elongation at break of 2423%. More importantly, it achieves nearly 100% resilience at 500% strain

within 5 s, realizes 99.6% resilience at 1000% strain within 5 min, and maintains 90.2% after multiple cycles. Surface scratches disappear within 30

min at 60 °C, and the self-healing efficiency reaches 93% after 8 h at 80 °C. This self-healable, high-resilience and UV-curable polyurethane-urea

elastomer shows great application potentials in flexible sensors and wearable devices.
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INTRODUCTION

Polyurethane  (PU)  elastomers,  a  class  of  polymers  with  strong
molecular designability, provide an ideal molecular platform for
tunable mechanical properties, self-healing, and recyclability by
adjusting the microphase separation structure of soft and hard
segments.[1−4] This  platform  strongly  supports  the  rapid  devel-
opment of flexible electronics,[5] soft robotics,[6] and smart wear-
able  devices.[7] However,  current  PU  elastomers  often  achieve
stiffness,  toughness,  and  self-healing  capability  while  neglect-
ing rapid resilience[8] and fast curing.[9] Rapid resilience is crucial
for improving the response speed and ensuring signal stability,
whereas fast curing offers significant advantages in terms of low
energy  consumption  and  high  efficiency  for  future  material
manufacturing.  Therefore,  endowing  PU  elastomers  with  both
high resilience and fast curing remains a key challenge that ur-
gently needs to be addressed in this field.

To develop PU elastomers with ultrahigh toughness,  rapid
resilience,  and  intrinsic  self-healing  properties,  various  soft
segments  have  been  explored.  A  chemically  crosslinked
polyurethane-urea  elastomer  synthesized  using  poly(propy-

lene glycol) and tolylene 2,4-diisocyanate terminated (PPGTD)
as  the  soft  segment  can  recover  700%  strain  within  2  h  and
heal  surface  scratches  under N,N-dimethylformamide  assis-
tance within 1 h.[10] A sliding semi-crystalline dynamic hydro-
gen  bonding  array  was  designed  using  bis(3-aminopropyl)-
terminated  poly(dimethylsiloxane)  (PDMS-NH2)  as  the  soft
segment, achieving an elastomer with ultrahigh elongation at
break (2880%) and skin-friendly healing temperature.[11]

Beyond  soft  segment  selection,  dynamic  covalent  bonds
(e.g., Diels-Alder,[12,13] disulfide,[14] acylhydrazone bonds,[15] or
imine bonds),  and strong physical  interactions  (e.g.,  multiple
hydrogen bonds or metal coordination[16]) have also been in-
troduced  during  hard  segment  design  to  achieve  high  re-
silience  and  self-healing.  A  novel  polyurethane  elastomer  is
developed, consisting of ascorbic acid-based chemodynamic
covalent  adaptive  networks,  achieving  a  tensile  strength  of
47.9 MPa, an elongation at break of 1746%, and fast self-heal-
ing  within  approximately  1  s.[4] By  introducing  1,4-benzo-
quinone  dioxime  as  a  chain  extender,  the  oxime-urethane
bond  and  hydrogen  bond  confer  room-temperature  self-
healing and recycling properties to a polyurethane elastomer,
achieving a tensile strength of 30.3 MPa and an elongation at
break  of  1114%.  The  elastomer  recovers  900%  of  the  strain
within 10 min, and scratches heal at room temperature with-
in 2 h.[17] A polyurethane-urea elastomer was synthesized by
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incorporating  aromatic  disulfide  bonds  and  multiple  hydro-
gen bonds, showing a tensile strength of 14.08 MPa. It recov-
ers 300% strain with a 10 s  hold and 10 s  relaxation,  and ex-
hibits  a  room-temperature  self-healing  efficiency  of  81%.[18]

Through rational soft/hard segment design and the synergis-
tic  introduction  of  multiple  hydrogen  bonds  and  other  dy-
namic  bonds,  these  elastomers  achieve  excellent  multifunc-
tional  synergy,  extending  service  life  and  reducing  mainte-
nance  costs.  However,  their  synthesis  and  curing  face  chal-
lenges,  such  as  multi-step  reactions,  long  cycles,  high-tem-
perature  curing  (>80  °C)  unsuitable  for  heat-sensitive  sub-
strates, and curing times ranging from hours to days.

UV-curing  technology  enables  rapid  curing  at  room  tem-
perature  with  low  energy  consumption,  solvent-free  manu-
facturing,  and  patternable  fabrication,  making  it  suitable  for
temperature-sensitive  flexible  substrates  and  complex  de-
vices.[19] A  3D-printable  and  dynamically  recyclable
polyurethane  elastomer  exhibited  a  tensile  strength  of  3.38
MPa, an elongation at break of 1425%, and a self-healing effi-
ciency  of  95.86%  after  healing  at  50  °C  for  6  h.[20] A  UV-cur-
able  silane-modified  polyurethane  acrylate  (PUA)  for  flexible
sensing revealed a tensile strength of 8.67 MPa and an elon-
gation  at  break  of  378%.[21] Currently,  UV-curing
polyurethanes that combine self-healing and rapid resilience
are  rarely  reported.  Achieving  rapid  UV-curing  while  con-
structing a dynamic network that can reversibly break and re-
combine for  self-healing and rapidly  recombine to  eliminate
residual  strain  remains  a  key  challenge  that  needs  to  be  ad-
dressed in this field.

In  this  study,  a  UV-curable  polyurethane  elastomer  (PUU-
SS25%-Zn1wt%) with ultrahigh resilience and self-healing ef-
ficiency  was  successfully  designed  and  prepared.  PCDL  was
used  as  the  soft  segment  to  provide  entropic  elasticity.  Cy
serves  as  a  chain  extender  to  introduce  dynamic  disulfide
bonds  and  urea-linked  hydrogen  bonds,  whereas  ZnCl2 is
added  to  form  reversible  metal  coordination  bonds  that  act
as  sacrificial  crosslinks.  Ultraviolet  curing  was  used  to  con-
struct  a  stable  permanent  covalent  network.  The  dual  net-
works  enabled  nearly  complete  recovery  within  5  s  after
500% strain, achieving an elastic recovery rate of 99.6% with-
in 5 min after 1000% strain, and maintaining 90.2% after five
cycles.  Self-healing  efficiency  reached  93%  after  thermal
treatment  at  80  °C  for  2  h.  The  material  also  exhibited  high
transparency  (>92%),  a  tensile  strength  of  11.8  MPa,  and  an
ultrahigh elongation at break of 2423%. This work provides a
new  design  strategy  for  UV-curable,  self-healing
polyurethane-urea  elastomers  for  flexible  electronics,  intelli-
gent sensing, and biomedical engineering.

EXPERIMENTAL

Materials
Polycarbonate diol (PCDL) was purchased from Ube Kosan Co.,
Ltd. Hexamethylenediamine (HDA), cystamine (Cy), 4,4'-dicyclo-
hexylmethane  diisocyanate  (HMDI),  hydroxyethyl  acrylate
(HEA),  ethyl  acetate,  isopropyl  alcohol  (IPA),  zinc  chloride
(ZnCl2),  and  ethyl  2,4,6-trimethylbenzoylphenyl  phosphonate
(TPO-L)  were purchased from Aladdin Biochemical  Technology
Co., Ltd.

Synthesis of UV-curing Polyurethane-urea Elastomers
(PUU-SS-Zn)
The  Cy  content  significantly  affected  the  resilience  and  self-
healing  properties  of  the  UV-curable  polyurethane.  Samples
with varying Cy contents were denoted as PUU-SSx%, where x
was  the  mole  percentage  of  Cy  relative  to  the  PCDL  soft  seg-
ment  (see  Table  S1  for  the  formulations  in  the  electronic  sup-
plementary  information,  ESI).  The  preparation  process  is  illus-
trated in Figs. 1a and 1b), with the synthesis of PUU-SS25% de-
scribed below as an example.

Dehydrated PCDL (30 g, 15 mmol, 1.0 equiv.) and ethyl ac-
etate  (20  g)  were  added  to  a  250  mL  four-necked  flask  and
stirred at 60 °C for 30 min under N2 to form a homogeneous
solution. HMDI (6.61 g, 25.2 mmol, 1.0 equiv.) in ethyl acetate
(10  g)  was  added  dropwise  at  0.5  mL/min.  Subsequently,  a
trace  amount  of  DBTDL  catalyst  (0.05  wt%)  was  added,  and
the reaction proceeded at 60 °C for 3 h to complete the pre-
polymerization. Cy (0.57 g, 3.74 mmol, 1.0 equiv.)  was added
dropwise  at  room  temperature  with  ethyl  acetate  to  control
viscosity. The reaction continued for 2 h. Then, HEA (4.494 g,
38.7 mmol, 1.2 equiv.) in ethyl acetate (10 g) was added drop-
wise  at  0.5  mL/min,  and  the  reaction  continued  at  60  °C  for
3 h.

UV-curing of Elastomers
The viscous product was mixed with 2 wt% photoinitiator, ultra-
sonicated for 15 min, poured into a PTFE mold, and kept in the
dark at  room temperature for  24 h to evaporate the solvent.  It
was then cured using a UV belt-type curing machine (LT-UV102)
for  100  s  to  obtain  PUU-SS25%.  To  prepare  PUU-SS25%-
Zn1wt%, the polymer was blended with 1 wt% ZnCl2 and 2 wt%
photoinitiator,  stirred,  ultrasonicated  for  30  min,  and  then  UV
cured (see Table S2 for other formulations in ESI).

Characterization
PUU-SS  was  characterized  using  FTIR  (Thermo  Fisher  Nicolet
iS50)  over  4000–400  cm–1 (resolution:  4  cm–1,  32  scans).  The
photopolymerization  conversion  (Ct)  of  acryloyl  double  bonds
was  monitored  by  real-time  FTIR  using  a  405  nm  UV-LED  (30
mW/cm2). Ct was  calculated  using  Eq.  (1)  based  on  the  C＝C
peak change at 1600 cm–1.

Ct =
A0 − At

A0
× 100% (1)

A0 and At are the peak areas of acrylate at 1600 cm–1 before and
after UV irradiation for different times, respectively.

Tensile  tests  were  performed  on  a  universal  testing  ma-
chine  (STD500,  500  N  sensor)  using  dumbbell-shaped  speci-
mens (50 mm × 4 mm × 2 mm). The width and thickness were
measured with a Vernier caliper (0.01 mm accuracy).

The gauge length was 10 mm and the strain rate was 100
mm/min.  The  hardness  was  measured  using  a  Shore  A  dy-
namometer. A 1 kg of load was applied for 15 s, and five mea-
surements were taken at intervals of ≥6 mm. The light trans-
mittance from 400 nm to 800 nm was measured using a Shi-
madzu  UV-2450  spectrophotometer  according  to  ASTM
D1003-13.  Crosslinking  density  was  determined  using  the
equilibrium swelling method. About 0.2 g of sample was im-
mersed in 25 mL of toluene at room temperature. After 24 h,
toluene  was  replaced  and  the  sample  was  immersed  for  an-
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other  48  h.  The  swollen  samples  were  wiped  dry,  weighed,

dried at 60 °C for 4 h, and reweighed. The crosslinking densi-

ty was calculated using Eqs. (2) and (3), respectively.

ϕ =

W2

ρs(W1 −W0)
ρ0

+
W2

ρs

(2)

ν = −
ln (1 − ϕ) + ϕ + χϕ2

V0 (ϕ 1
3 −

ϕ
2
) (3)

ν

where ϕ is  the volume fraction of  the PUU-SSx%-Zny% sample
under  equilibrium  swelling  conditions; W0, W1,  and W2 repre-
sent  the  original,  swollen,  and  dried  masses  of  the  sample  (g),
respectively, ρs and ρ0 are  the  densities  of  the  sample  before
swelling and toluene (0.87 g/cm3), respectively; V is the volume
fraction;  is  the cross-linking density; χ is  the polymer–solvent
interaction parameter (0.465[22]);  and V0 is  the molar volume of
toluene  (105.7  cm3/mol).  Dumbbell-shaped  specimens  were
used  for  repeated  resilience  tests.  The  effective  gauge  length
was 10 mm (the initial gauge lines were marked on the parallel
section  of  the  specimen  using  a  solvent-resistant  marker).  The
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Fig. 1    (a) Synthesis process for PUU-SS prepolymer; (b) UV-curing and crosslinking network structure of PUU-SSx%-Zny%.
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specimen was stretched to 100%, 500%, and 1000% strain at a
rate  of  100  mm/min,  and  then  rapidly  unloaded.  The  effective
gauge length was measured after 5 min. For each strain condi-
tion, at least five parallel specimens were tested, and the results
were reported as the mean ± standard deviation. The elastic re-
covery rate was calculated using Eq. (4).

R = 1 −
Lafter,n − L0

L0
× 100% (4)

where R represents  the  elastic  recovery  rate, Lafter,n represents
the effective gauge length after stretching, followed by a 5 min
rest,  and L0 represents  the  initial  effective  gauge  length  (10
mm).

The  dynamic  mechanical  properties  of  the  material  were
measured  using  a  dynamic  mechanical  analyzer  (DMA-50N,
MetraviB)  in  tensile  mode.  Frequency  sweep  tests  were  con-
ducted  at  25  °C  with  a  strain  amplitude  of  1%  over  the  fre-
quency  range  of  0.1–50  Hz.  The  relaxation  time  (τ)  of  the
specimen under a 5% tensile strain was measured at different
temperatures  (T),  and  the  characteristic  relaxation  time  was
calculated using Eq. (5).

τ (T) = τ0exp ( Ea

RT
) (5)

where τ (T) is the relaxation time, τ0 is the pre-exponential factor,
Ea is the activation energy, R is the gas constant (8.314 J/(mol·K)),
and T is the absolute temperature.

A cyclic  fatigue test  resting time was  applied between cy-
cles  to  simulate  continuous  mechanical  loading  conditions.
The  energy  dissipation  per  cycle  (Wx)  was  recorded,  and  the
energy dissipation retention rate (W100/W1 × 100%) was calcu-
lated.  All  tests  were performed at  room temperature  (25 °C),
and  at  least  five  specimens  were  tested  for  each  sample  to
ensure the reproducibility, as evaluated using Eq.(6).

W = ∫
loading

σdε − ∫
unloading

σdε (6)

where W is the hysteresis work, ε is the strain, σ is the stress, and
the integration interval covers a complete cycle.

The  dumbbell-shaped  specimen  was  cut  in  half  and  the
fractured surfaces were brought into contact. The specimens
were  heated to  80  °C  for  8  h  for  thermal  healing.  After  heal-
ing,  tensile  tests  were  performed  using  a  universal  testing
machine. The healing efficiency was calculated by comparing
the  tensile  properties  (tensile  strength  and  elongation  at
break)  before  and  after  the  cutting.  Additionally,  an  optical
microscope was used to observe the scratch healing. A cross-
shaped  scratch  was  created  by  using  a  razor  blade.  The
scratched sample was placed on a hot stage at 60 °C and the
scratch morphology was examined at different time intervals.
The healing performance was evaluated based on the scratch
closure,  and  the  self-healing  efficiency  was  calculated  by
comparing the strength before and after healing.

RESULTS AND DISCUSSION

Structure Characterization and UV-curing of PUU-SS-
Zn Elastomers
Fig.  2(a)  presents  the  FTIR  spectra  during  the  PUU-SS25%  syn-
thesis. The disappearance of the ―NCO band at 2270 cm–1 indi-
cates  complete  isocyanate  consumption.  The  broad  band  at

3350 cm–1 and the band at 1540 cm–1 confirm ―NHCOO― and
NH―CO―NH  formation,  while  the  C＝C  band  at  1640  cm–1

confirms  HEA  end-capping.  The  cured  PUU-SS25%-Zn1wt%
elastomer (Fig. 2b and Fig. S1b in ESI),  the broad band at 3390
cm–1 indicates extensive hydrogen bonding. The sharp peak at
1750 cm–1 (PCDL carbonate C＝O) confirms the integrity of the
soft  segment.  The  peak  at  1520  cm–1 (amide  II)  confirms  ure-
thane/urea linkages, and the weak peak at 650 cm–1 is assigned
to C―S stretching from Cy.  Zn2+ coordination with N/O atoms
enhances hydrogen bonding, evidenced by peak broadening at
3350  cm–1 and  C＝O  red  shift  from  1747  cm–1 to  1733  cm–1.
These results confirm the successful preparation of PUU-SS25%-
Zn1wt%, where the permanent UV-cured covalent network co-
exists  with  a  dynamic  network  of  multiple  hydrogen,  disulfide,
and metal coordination bonds.

As shown in Fig. 2(c) and Fig. S1(c) (in ESI), free-radical pho-
tosensitive resins were prepared by mixing 2 wt% TPO-L with
polyurethanes containing different Cy contents. Acryloyl dou-
ble bond conversion was measured under a  405 nm UV-LED
(40  mW/cm2).  Conversion  generally  decreased  with  increas-
ing  Cy  content  because  longer  chains  entangled,  and  unre-
acted acryloyl double bonds[23] froze in the cured network af-
ter initial crosslinking. The curing rate also decreased with Cy
content, PUU-SS0%, and PUU-SS10% cured within 15 s, while
PUU-SS30%  required  110  s.  Longer  chains  reduced  the  acry-
loyl  double  bonds  per  unit  volume,  lowering  the  collision
probability.  Interestingly,  PUU-SS0%  exhibited  a  lower  con-
version  and  curing  rate  than  PUU-SS10%.  This  is  due  to  its
short  rod-like  chains,  as  rapid  crosslinking  traps  unreacted
acryloyl  double  bonds,  despite  high  chain  mobility.  In  con-
trast,  PUU-SS10%  achieved  a  higher  conversion  and  curing
rate owing to its appropriate chain length from Cy. After the
addition  of  ZnCl2,  the  UV-curing  rate  and  conversion  re-
mained  largely  unchanged,  as  shown  in Fig.  2(c).  and  Fig.
S1(d)  (in ESI).  The bands of  acryloyl  double bonds decreased
with irradiation time, and the trend slowed after 60 s, indicat-
ing  a  fast  UV-curing  process.[24,25] Although  PUU-SS25%  ex-
hibited acryloyl double bond conversion of only 38.14%, and
PUU-SS25%-Zn1wt%  exhibited  34.8%,  this  moderate  cross-
linking density provided an optimal balance that enabled the
material  to  resist  deformation  while  dissipating  energy
through segmental motion, resulting in high strength and ex-
cellent  toughness.  As  shown  in Fig.  2(d),  the  UV-cured  PUU-
SS25%  elastomer  exhibited  high  transparency  (about  97%),
with little effect from the addition of TPO-L or ZnCl2.  The ex-
cellent transparency of PUU-SS25%-Zn1wt% is mainly due to
the  absence  of  aromatic  structures  in  HMDI,  PCDL,  Cy,  and
HEA,  which  lack  visible  light  absorption,  conferring  intrinsic
transparency.[26] A uniform network with good soft/hard seg-
ment compatibility also prevents significant light scattering.

Although  the  transmittance  slightly  decreased  in  the
400–800  nm  range,  it  remained  above  90%,  which  was  at-
tributed to the minimal residual photoinitiator with good re-
fractive  index  matching.  Zn2+ coordination  causes  weak
charge transfer absorption, mainly in the near-UV to blue re-
gion (400–450 nm). Combined with its amorphous nature, the
material  achieves  enhanced  mechanical  properties via the
metal  coordination  network  while  maintaining  excellent
transparency,  demonstrating  its  potential  for  flexible  elec-
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tronics and optical devices.

Mechanical Properties of PUU-SS-Zn Elastomers
This study aims to synthesize high-resilience polyurethanes us-
ing PCDL, PTMEG1k, PTMEG2k, HMDI, IPDI,  and MDI. After HEA
end-capping,  UV  curing  was  performed  (Figs.  S2a  and  S2b  in
ESI).  PCDL2k/HMDI  exhibited  a  synergistic  effect  of  high
strength  and  extensibility,  making  it  the  optimal  choice.  As
shown in Fig. 3(a), with increasing Cy content from 0% to 25%,
both tensile strength and elongation at break of the material in-
creased  synergistically,  reaching  optimal  values  at  25%
(strength 6.41 MPa, elongation at break 1198%). This is attribut-
ed  to  the  introduction  of  an  appropriate  amount  of  Cy,  which
extends the molecular chains, promotes physical entanglement
and  hard-segment  hydrogen  bonding,  and  constructs  a  more
perfect  physical  crosslinking  network.  Meanwhile,  moderate
chain  segment  mobility  provides  favorable  conditions  for  effi-
cient  acryloyl  double-bond  conversion,  forming  a  stable  cova-
lent  crosslinking network.  The disulfide bonds achieve optimal
mobility  at  this  network  density,  effectively  dissipating  energy
through reversible breakage and recombination, delaying crack
propagation,  and  thus  achieving  simultaneous  improvements
in strength and elongation. When the Cy content was increased
to 30%, the material properties declined sharply, exhibiting soft
and  slippery  characteristics.  This  is  because  excessive  amine
groups undergo rapid reactions, leading to local over-crosslink-
ing, forming microgel particles that create weak interfaces with
the surrounding sparsely crosslinked regions, resulting in stress
concentration  points.  Additionally,  excessive  chain  entangle-

ment  restricts  segmental  motion,  hindering  further  double
bond  conversion  (reducing  the  effective  crosslinking  density)
and inhibiting the dynamic exchange of disulfide bonds. To fur-
ther verify the role of UV-curing in constructing the crosslinking
network,  the  mechanical  properties  of  the  uncured  specimen
(PUU-SS25%-uncured) were tested. The specimen was extreme-
ly soft and weak, with a tensile strength of only 1 MPa, indicat-
ing  that  an  effective  crosslinked  structure  had  not  yet  formed
inside the material.  After  UV curing,  the acryloyl  double bonds
undergo  radical  polymerization,  forming  a  stable  covalent
crosslinking  network  inside  the  material.  This  transforms  the
material  from  a  linear  oligomer  into  a  three-dimensional  net-
work elastomer, thereby endowing it with excellent properties,
such as high resilience and toughness.

As  observed  in Fig.  3(b),  Zn2+ forms  metal  coordination
bonds with the nitrogen/oxygen atoms in the polymer back-
bone. At 1 wt% ZnCl2, these non-covalent coordination inter-
actions  enhance  both  tensile  strength  (from  6.41  MPa  to
11.18 MPa) and elongation at break (from 1198% to 2423%),
with  toughness  increasing  from  39.25  MJ/m3 to  129.95
MJ/m3.  The coordination bonds act  as  sacrificial  bonds,  pref-
erentially  breaking  under  tension  to  dissipate  energy  and
protect  the  main  chain  network,  whereas  their  dynamic  re-
versibility  allows  recombination  after  deformation,  improv-
ing fatigue resistance.[2,17] However,  excessive  ZnCl2 leads  to
overly dense coordination bonds that restricts segmental mo-
tion  and  inhibited  disulfide  bond  exchange,  resulting  in  no
property  improvement.  As  shown  in Fig.  3(c),  at  low  strain
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Fig. 2    (a) FTIR spectra recorded during the synthesis of PUU-SS25%; (b) FTIR spectra of PUU-SS25% and PUU-SS25%-Zn1wt%; (c) Conversion of
acryloyl  double  bonds in  different  PUU-SSx% samples;  (d)  Transmission spectra  of  PUU-SS25%-Zn1wt% and PUU-SS25% before and after  curing,
and optical image of PUU-SS25%-Zn1wt% after curing (1.0 mm thick).
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(Region  I),  the  metal  coordination  bonds  and  hydrogen
bonds  are  not  significantly  activated,  and  the  material  ex-
hibits  linear  elastic  behavior.  As  the  strain  increases  (Region
II),  Zn2+ coordination  bonds  preferentially  break  as  sacrificial
crosslinks,  whereas  hydrogen  bonds  undergo  reversible  dis-
sociation  and  synergistically  dissipate  strain  energy.  Under
large  strain  (Region  III),  hydrogen  bond  dissociation  ap-
proaches  saturation,  disulfide  bonds  undergo  dynamic  ex-
change, and the covalent main chain bears the primary stress,
achieving an ultrahigh elongation of 2423%.[11] As the Cy con-
tent  increases,  the  proportion  of  dynamic  disulfide  bonds  in
the  PUU-SS  system  increases,  while  the  crosslinking  density
exhibits  a  gradual  decreasing trend (the  crosslinking density
of the PUU-SS25% sample is only 0.62×10–5 mol·cm–3, with an
elastic  modulus  of  463.79  kPa).  The  decrease  in  the  elastic
modulus enables the material to undergo larger deformation
under lower external forces (see Table S3 in ESI), significantly
improving  its  flexibility  and  deformation  adaptability.  Mean-
while,  the  reduction  in  crosslinking  density  diminishes  the
constraints  of  permanent  chemical  crosslinking  points,  en-
hances the mobility and rearrangement capability of molecu-
lar chain segments, and allows the material to recover its ini-
tial  shape  more  quickly  after  being  stressed,  thereby  greatly
increasing its resilience.[27,28] Fig. 3(d) shows the DSC curves of
PUU-SS25%  and  PUU-SS25%-Zn1wt%,  with Tg values  of  1.83
and  4.33  °C,  respectively.  Sharp  melting  peaks  are  not  ob-
served, indicating an amorphous structure. The increase in Tg

suggests that Zn2+ forms metal  coordination bonds with the
backbone  N/O  atoms,  acting  as  physical  crosslinks  that  re-

strict chain mobility. Figs. S3(b) and S3(c) (in ESI) show that as
the Cy content increases from 0% to 30%, the Shore hardness
continuously  decreases  (from  74.28  to  62.57).  The  Shore  A
hardness  of  the  material  before  and  after  modification  re-
mains approximately 60, rendering it suitable for use as a sub-
strate in wearable devices.

High Resilience of PUU-SS25%-Zn1wt% Elastomer
As  shown  in Fig.  4(a),  PUU-SS25%-Zn1wt%  and  PUU-SS25%
were stretched to 100%, 500%, and 1000% strains  (Fig.  4c and
Figs.  S4a–S4e  in  ESI)  and  then  rapidly  unloaded.  At  100%  and
500% strain, PUU-SS25%-Zn1wt% exhibited excellent resilience,
recovering its original length within 5 s after 500% strain, with a
recovery rate exceeding 93% after multiple cycles (Figs. 4c and
4d).  This  was  because  the  PCDL soft  segments  were  randomly
entangled  before  stretching  and  retracted  entropically  upon
unloading. Although this leads to a lower tensile strength than
that of some special polyurethanes, the flexibility and resilience
are  greatly  enhanced.  As  observed  in Fig.  4(b),  PUU-SS25%-
Zn1wt% achieved an elastic recovery rate of 99.6% after the first
unloading  from  1000%  strain  and  90.2%  after  five  cycles  (Fig.
S4g in ESI). In contrast, PUU-SS25% fractured after two cycles at
1000% strain (Fig.  S4c in  ESI).  This  indicates  that  Zn2+ acts  as  a
sacrificial bond that synergizes with hydrogen bonds, preferen-
tially breaking before covalent and disulfide bonds and rapidly
recombining  during  rest,  thereby  protecting  the  main  chain
network. In Fig. S4(d) (in ESI), the initial stress of the material is 4
MPa, which then decreases to 2.59 MPa before rising back to 4.8
MPa. To reveal the contribution of dynamic bonds (disulfide and
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Fig.  3    (a)  Stress-strain  curves  of  UV-curing  polyurethanes  with  varying  Cy  contents;  (b)  Stress-strain  curves  of  PUU-SS25%  with  varying  ZnCl2
coordination  contents;  (c)  Covalent  crosslinking  network  and  metal  coordination  self-reinforcing  mechanism  of  PUU-SS25%-Zn1wt%;  (d)  DSC
thermograms of PUU-SS25% and PUU-SS25%-Zn1wt%.
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Zn2+ coordination bonds) to the dynamic mechanical  behavior
and  resilience  of  the  polyurethane-urea  elastomer,  a  perma-
nent crosslinked control sample (PUU-CC25%) was prepared us-
ing hexamethylenediamine (HDA) as  a  chain extender  without
disulfide  bonds.  By  comparing  the  frequency-dependent  stor-
age modulus (E')  and loss modulus (E'')  of the two samples un-
der identical DMA frequency sweep conditions, this study eluci-
dates how dynamic bonds regulate the frequency dependence,
energy dissipation, and their intrinsic relationship with high re-

silience and fatigue resistance.
As  evidenced  by  Fig.  S5(a)  (in  ESI),  in  the  DMA  frequency

sweep (0.1–50 Hz), compared with the permanent crosslinked
control,  PUU-SS25%-Zn1wt%  exhibited  a  smaller  increase  in
the storage modulus (E') but a larger increase in the loss mod-
ulus  (E'')  with  frequency.  The  former  is  attributed  to  the  dy-
namic  reversibility  of  Zn2+ coordination and disulfide  bonds,
which  partially  dissipate  energy via rapid  recombination  at
high frequencies,  slowing network hardening,  and maintain-
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Fig.  4    (a)  Tensile  resilience  behavior  of  the  PUU-SS25%-Zn1wt%  elastomer;  (b)  Photographs  of  the  effective  gauge  length  after  stretching  to
1000%  strain  followed  by  immediate  release  and  5  min  of  rest;  (c)  Stress-strain  curves  of  PUU-SS25%-Zn1wt%;  (d)  Elastic  recovery  rate  of  PUU-
SS25%-Zn1wt%  after  500%  strain;  (e)  Statistical  comparison  of  tensile  strain  and  recovery  time  between  this  work  and  reported
polyurethanes[17,18,29−33]
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ing  flexibility  across  a  wide  frequency  range.  The  latter  indi-
cates  that  bond  breakage-recombination  introduces  addi-
tional  energy  dissipation,  particularly  at  higher  frequencies.
This dynamic response directly demonstrates high resilience.
At  low  frequencies  (service  conditions),  dynamic  bonds  fully
recombine, resulting in a low loss factor (tanδ = E''/E').[34] Most
of  the  strain  energy  is  elastically  released  upon  unloading,
achieving  a  99.6%  recovery.  Under  high-frequency  impact,
dynamic bonds act as sacrificial crosslinks, rapidly dissipating
energy and protecting the network from irreversible damage,
ensuring  stable  large-strain  resilience,  outperforming  the
polyurethane elastomers reported in Fig.  4(e).  Thus,  DMA re-
veals  the  inherent  behavior  of  the  dynamic  bonds  in  PUU-
SS25%-Zn1wt%,  exhibiting  low  loss  at  low  frequencies  and
high dissipation at high frequencies,[35−37] which is the intrin-
sic origin of its high resilience. As illustrated in Figs. S5(b) and
S5(c)  (in  ESI),  the  relaxation time of  PUU-SS25%-Zn1wt% fol-
lows the Arrhenius equation. From the linear fit of ln(τ) versus
1000/T,  the  relaxation  activation  energy  is  determined  to  be
60.2 kJ/mol. A low activation energy (<40 kJ/mol) causes fre-
quent  bond  breakage  at  room  temperature,  leading  to  net-
work relaxation and poor mechanical properties.[38] A high ac-
tivation  energy  (>100  kJ/mol)  hinders  bond  activation,  re-
duces  self-healing  efficiency,  and  requires  high  processing
temperatures.[32] The  moderate  activation  energy  of  the
polyurethane  elastomer  in  this  study  ensured  the  structural
integrity  of  the  material  network  and  its  high  resilience  at
room  temperature.  Notably,  when  the  temperature  was  in-
creased to 110 °C, the relaxation time decreased sharply, indi-

cating that under thermal or mechanical stimulation, the dy-
namic bonds responded rapidly through reversible breakage
and  recombination.  Furthermore,  the  thermogravimetric
analysis (TGA) results in Figs. S6(a) and S(b) (in ESI) show that
the  PUU-SS25%-Zn1wt%  elastomer  exhibits  good  thermal
stability, with a 5% weight loss temperature (T5%) of 296.68 °C
and  a  maximum  decomposition  rate  temperature  (Tmax)  of
350.83 °C (Table S4 in ESI). The T5% value is significantly high-
er  than  those  of  conventional  polyether- or  polyester-based
polyurethanes[39−41] (typically  230–260  °C),  which  is  attribut-
ed to the thermally stable polycarbonate soft segment,[42] the
crosslinked  network  structure,  and  the  synergistic  effects
of  the  dynamic  bonds.  After  adding  1  wt%  ZnCl2,  PUU-
SS25%–Zn1wt% exhibited superior tensile properties, tough-
ness,  resilience,  and  fatigue  resistance.  Cyclic  tensile  tests
were  conducted  to  investigate  the  energy  dissipation  from
multiple  hydrogen  bonds,  disulfide  bonds,  UV-cured  cova-
lent  networks,  and  metal  coordination  bonds  and  to  verify
their  resilience.  After  100  cycles  at  500%  strain  (Fig.  5a),  the
energy dissipation decreased with the cycle number. Follow-
ing an initial drop from 4.395 MJ/m3 (1st cycle) to 1.82 MJ/m3

(2nd cycle),  which  is  due  to  irreversible  breakage  of  unfavor-
ably positioned disulfide bonds and disruption of ordered hy-
drogen  bonds,  the  energy  dissipation  stabilizes  through  the
synergy  between  the  UV-cured  covalent  network  and  the
metal coordination network. Even after 100 cycles, the mate-
rial retained 0.832 MJ/m3 (18.93% of its initial value), demon-
strating a good energy dissipation capacity under large-strain
cycling.  This  sustained  energy  dissipation  confirms  the  re-
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Fig.  5    (a)  Stress-strain cyclic  curves of  PUU-SS25% and PUU-SS25%-Zn1wt%; (b)  Cyclic  tensile  curves at  four  strains  of  PUU-SS25%-Zn1wt%; (c)
Comparison of energy dissipation between PUU-SS25% and PUU-SS25%-Zn1wt%; (d) Stress-strain cyclic curves of PUU-SS25%-Zn1wt% after 2 min
of rest.
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versibility  of  hydrogen,  disulfide,  and  metal  coordination
bonds, which continuously break and recombine during large
cyclic deformations. It also demonstrates excellent fatigue re-
sistance because the network maintains its structural integri-
ty under repeated loading. As the strain increased from 100%
to 400% (Fig. 5b), both the hysteresis loop area and dissipat-
ed energy gradually increased. The addition of ZnCl2 reduces
the  residual  strain  and  dissipated  energy  during  cycling,  be-
cause  the  metal  coordination  bonds  protect  the  hard-seg-
ment hydrogen bond network. During stretching, the coordi-
nation bonds act as sacrificial crosslinks that preferentially ab-
sorb  strain  energy,  thereby  shielding  hydrogen  bonds  from
extensive  disruption.  Moreover,  the  rapid  recombination  of
Zn2+ coordination  bonds  upon  unloading  achieves  efficient
elastic energy recovery, resulting in a higher unloading curve
and a smaller hysteresis loop.

Thus, the Zn2+ coordination network dissipates less energy
while  maintaining  excellent  elastic  recovery,  demonstrating

the  synergistic  advantage  of  integrating  metal  coordination
bonds  into  the  dynamic  network  architecture  (Fig.  5c).  Re-
markably,  the  PUU-SS25%-Zn1wt%  elastomer  exhibits  the
ability to recover from large strain without external interven-
tion (Fig. 5d). When the rest time between the fourth and fifth
cycles was set to 2 min, the residual strain and hysteresis en-
ergy almost completely recovered,  as shown by the overlap-
ping  loading-unloading  curves.  The  rapid  recovery  of  the
specimen  dimensions  and  mechanical  properties  is  attribut-
ed to the reconstruction of weak hydrogen bonds and coordi-
nation bonds disrupted by the applied force.

Self-healing Performance of PUU-SS25% and PUU-
SS25%-Zn1wt% Elastomer
Different  amounts  of  Cy and ZnCl2 endow PUU-SSx%–Znywt%
elastomers with abundant reversible hydrogen bonds, disulfide
bonds,  and  metal  coordination  bonds,[43,44] thereby  exhibiting
excellent  self-healing  performance  (Figs.  6d–6f).  Long-chain
molecules  easily  approach  each  other  under  thermal  motion,
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Fig.  6    (a)  Disulfide  bonds  exchange,  and  coordination/hydrogen  bonds  recombine;  (b)  Metallographic  microscope  images  of  PUU-SS25%-
Zn1wt% and PUU-SS25% films with artificially created cross-shaped scratches before thermal healing; (c) Self-healing performance of PUU-SS25%-
Zn1wt% lifting a 500 g weight;  (d)  Stress-strain curves of  self-healing PUU-SS25%-Zn1wt% elastomer;  (e)  Stress-strain curves of  self-healing PUU-
SSx% elastomers; (f) Stress-strain curves of self-healing PUU-SS25%-Znywt% elastomers.
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forming dense and reversible hydrogen-bonding networks. Un-
der  thermal  stimulation,  disulfide  bonds  undergo  reversible
metathesis  reactions,  enabling  covalent  network  reconnection
across the fractured interface via disulfide bond exchange.[45,46]

Meanwhile,  the synergistic  breakage and recombination of  hy-
drogen and metal coordination bonds further accelerate the in-
terfacial healing process (Fig. 6a). The synergy of these three dy-
namic  bonds  enables  PUU-SS25%-Zn1wt%  to  achieve  a  self-
healing efficiency of 93% at 80 °C, which is attributed to the re-
combination of disulfide bonds[47] and rapid reversible recombi-
nation of hydrogen and metal coordination bonds.[48] Although
the  healed  strength  was  high,  the  elongation  at  break  de-
creased,  indicating a coordinated healing mechanism. Fig.  6(b)
shows  optical  images  of  the  PUU-SS25%-Zn1wt%  and  PUU-
SS25%  films  before  and  after  healing. Fig.  6(c)  demonstrates
that the healed elastomer can lift a 500 g weight without break-
ing,  indicating  excellent  post-healing  mechanical  performance
and the  potential  to  reduce the  replacement  frequency  of  key
components.

CONCLUSIONS

In  this  study,  a  UV-curable  polyurethane-urea  elastomer  (PUU-
SS25%-Zn1wt%)  is  fabricated  based  on  dual  crosslinked  net-
works  of  multiple  hydrogen  bonds,  disulfide  bonds,  and  Zn2+

coordination  bonds.  Cy  introduces  urea  linkages  and  disulfide
bonds,  ZnCl2 constructs  metal  coordination  bonds,  and  HEA
end-capping  enables  rapid  UV  curing  (100  s).  This  synergy  en-
ables the material to achieve high resilience (complete recovery
within 5 s  at  500% strain and 99.6% recovery at  1000% strain),
high toughness (2423% elongation, 129.95 MJ/m3), and moder-
ate-temperature self-healing (93% efficiency and scratches heal
within 30 min at 60 °C). The material also exhibits a high trans-
parency (>92%) and flexible substrate characteristics. This work
reveals  the  intrinsic  relationships  among  crosslinking  density,
dynamic  bond  mobility,  and  mechanical  properties,  offering  a
new strategy for designing UV-curable polyurethane-urea elas-
tomers  with  rapid  curing,  high  resilience,  and  self-healing  for
flexible electronics, wearable sensors, and biomedical engineer-
ing.
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