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Abstract   Airless tires are essential for enhancing the safety, reliability, and convenience of maintenance of electric bicycles. Polyurethane (PU) is

considered a promising candidate for such applications owing to its versatile properties. However, their use is limited by insufficient heat resis-

tance and excessive dynamic heat generation under cyclic loading. In this study, star-shaped trifunctional polypropylene glycerol (PPG3) was in-

corporated into  conventional  poly(tetramethylene glycol)  (PTMG)  and 4,4'-methylenediphenyl  diisocyanate  (MDI)-based systems to  construct

microporous star-shaped casting polyurethanes (SCPU),  with water serving as a green foaming agent.  Unlike conventional small-molecule tri-

functional crosslinkers that create junctions within hard segment domains, PPG3 introduces long flexible arms between the hard segments, an-

choring the crosslinking points at its molecular core. The large steric hindrance of PPG3 effectively suppresses soft segment crystallization and

lowers the degree of microphase separation, whereas the crosslinked network restricts chain mobility, thereby reducing dynamic heat genera-

tion. These structural features also enhance the heat resistance, yielding a softening temperature of 183 °C, which is 30.9% higher than that of

polyurethane without PPG3. When applied to airless tires by casting SCPU into rubber treads, the fabricated hybrid airless tires achieved a rolling

distance of over 3000 km under a load of 65 kg at 25 km/h without structural failure, satisfying practical performance requirements. This strategy

offers a simple, solvent-free, and environmentally friendly process,  underscoring the potential  of SCPU for scalable production of high-perfor-

mance airless tires.
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INTRODUCTION

Electric bicycles (e-bicycles) have emerged as a sustainable and
environmentally  friendly  option for  short-distance urban trans-
port and have become a dominant choice for daily commuting.
By the end of 2024, the number of e-bicycles in China is project-
ed to reach approximately 400 million. Within an e-bicycle sys-
tem,  tires  are  the  only  components  in  direct  contact  with  the
ground, and their safety, durability, and environmental sustain-
ability are therefore of critical importance. The rapid expansion
of e-bicycle sharing systems has accelerated the adoption of air-
less  tires,  which  eliminates  the  risk  of  blowouts  inherent  to
pneumatic  tires  and  reduces  maintenance  requirements.  Cur-
rently, most commercial airless tires are fabricated using foamed

rubber  composites.  However,  vulcanization  of  such  materials
generates  substantial  amounts  of  volatile  organic  compounds
(VOCs),  raising  serious  environmental  concerns.[1] In  contrast,
polyurethane  (PU)  elastomers  avoid  such  harmful  emissions
during  processing  and  simultaneously  offer  high  strength,  ex-
cellent  resilience,  and  superior  wear  resistance,  making  them
highly  promising  candidates  for  airless  tire  fabrication.[2] De-
spite  these  advantages,  inadequate  heat  resistance  remains  a
critical  barrier for the broader use of PU tires.[3] Under continu-
ous  dynamic  friction  with  road  surfaces,  PU  materials  rapidly
heat up, leading to softening, accelerated wear, and ultimately,
tire failure. To mitigate this issue, hybrid airless tires have been
developed  by  combining  PU  cores  with  rubber  treads,  which
shield PU from direct road friction.[4] Although this approach de-
lays wear,  it  does not fundamentally improve the intrinsic heat
resistance  of  PU,  thereby  limiting  the  long-term  reliability  of
such systems.

PU  elastomers  are  typically  synthesized  from  long-chain
polyols,  diisocyanates, and chain extenders.  Polyols generate
flexible  soft  segments,  whereas  diisocyanates  and  chain  ex-
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tenders form rigid hard segments. The intrinsic incompatibili-
ty  between  these  segments  drives  the  microphase  separa-
tion.[5−8] Among the structural variables, the chemistry of the
hard segment plays a  decisive role in governing the heat re-
sistance.[9] Aromatic  diisocyanates  generally  afford  higher
thermal stability than aliphatic analogs, as their high molecu-
lar  symmetry  and  rigidity  facilitate  more  ordered  packing  of
hard  domains,  thereby  increasing  the  melting  point  and  en-
hancing  heat  resistance;  this  is  exemplified  by  specialty  aro-
matic  diisocyanates  such  as  naphthalene  diisocyanate  (NDI),
tolylene-2,4-diisocyanate  (TODI),  and  p-phenylene  diiso-
cyanate  (PPDI).[10−13] For  example,  Hu et  al. synthesized  PU
elastomers  from polycarbonate diol  (PCDL),  NDI,  and 1,4-bu-
tanediol  (BDO),  achieving  a  softening  temperature  of  204  °C
combined  with  excellent  wear  and  wet  skid  resistance  and
low rolling resistance.[14] These properties highlight their  po-
tential  for  high-performance  tire  applications.  Nevertheless,
the  practical  application  of  these  specialty  aromatic  diiso-
cyanates remains restricted by their high cost, elevated melt-
ing points that complicate synthesis, and poor storage stabili-
ty of the corresponding prepolymers due to their strong elec-
trophilicity.[15] These factors hinder the scalability of the e-bi-
cycle tires.  Thus,  the development of high-heat-resistant PUs
based on low-cost, commercially available diisocyanates, such
as  4,4′-diphenylmethane  diisocyanate  (MDI),  is  a  critical  re-
search objective.

The  introduction  of  crosslinked  networks  is  another  effec-
tive  strategy  for  enhancing  the  heat  resistance  of  PU.  Multi-
functional  small-molecule  crosslinkers  (functionality≥3),  such
as  glycerol  and  trimethylolpropane,  can  establish  chemical
crosslinking networks within hard segments, thereby regulat-
ing  microphase  separation  and  enhancing  material  proper-
ties  by  promoting  more  ordered  hydrogen  bonding  in  the
hard  domains.[16−18] However,  excessive  hydrogen  bonding
and rigid crosslinked networks can restrict  molecular  confor-
mational adjustments under dynamic conditions,[19] resulting
in  internal  heat  accumulation,  premature  softening,  thermal
degradation,  and  brittle  fracture  during  prolonged  or  high-
speed cyclic running.

Star-shaped polyols are a class of highly functional polyols
consisting of a central core with multiple polymeric arms, en-
dowing them with unique spatial  configuration and reactivi-
ty.[20,21] The  incorporation  of  star-shaped  polyols  yields  star-
shaped PUs with well-defined branched or crosslinked struc-
tures that improve the mechanical strength, thermal stability,
and  shape-memory  behavior.[22−24] For  instance,  in
poly(propylene glycol) (PPG)-based PU systems, the introduc-
tion of trifunctional poly-propylene glycerol (PPG3) facilitates
the  preparation  of  star-shaped  PUs  with  higher  softening
temperatures  and  enhanced  shape  memory  properties.[24]

From a molecular design perspective, the introduction of star-
shaped  polyols  relocates  crosslinking  points  from  the  hard
segments to the star-core, introducing long flexible arms be-
tween  the  hard  domains.  This  configuration  reduces  the
stress concentration in the hard segments and enhances the
fatigue resistance. Consequently, star-shaped PUs are expect-
ed  to  hold  significant  promise  for  the  development  of  high-
performance airless tires for e-bicycle applications.

In  this  study,  a  star-shaped  casting  polyurethane  (SCPU)
was rationally designed and synthesized using thermally sta-
ble  polytetramethylene  ether  glycol  (PTMG)  as  the  soft  seg-
ment,  MDI  as  the  isocyanate  component,  PPG3  as  the
crosslinker,  and  water  as  a  green  foaming  agent.  The  influ-
ence of the PPG3 content on the microphase structure,  ther-
mal  behavior,  and  dynamic  and  static  mechanical  perfor-
mance  was  systematically  investigated.  The  results  demon-
strated  that  PPG3  incorporation  effectively  reduced  the  dy-
namic  loss  while  significantly  enhancing  the  heat  resistance,
with the resulting SCPU exhibiting a softening temperature of
183.0 °C. Based on these results, SCPU with the optimal PPG3
content was molded into rubber tread structures to fabricate
airless  tires.  Rolling  tests  under  industrial  standards  con-
firmed  that  tires  maintained  outstanding  performance  over
distances exceeding 3000 km, underscoring their potential for
practical application in e-bicycle systems.

EXPERIMENTAL

Materials
PTMG  (Mn=2000  g/mol)  and  PPG3  (Mn =700  g/mol)  were  sup-
plied  by  Xiaoxing  Chemical  Co.,  Ltd.  (Jiaxing,  China).  MDI  was
purchased  from  Wanhua  Chemical  Group  Co.,  Ltd.  (Shandong,
China). N,N-Dimethylformamide  (DMF)  and  triethylenediamine
(TEDA) were obtained from Aladdin Reagent Co., Ltd. (Shanghai,
China). Deionized water was prepared in the laboratory.

Preparation of SCPU
The  synthesis  route  for  SCPU  is  illustrated  in Fig.  1.  Initially,  a
predetermined  amount  of  PTMG  was  placed  in  a  three-neck
flask and subjected to vacuum drying at –0.1 MPa and 120 °C for
2 h. After dehydration, the system was cooled to 60 °C, followed
by addition of a stoichiometric amount of MDI. The mixture was
stirred  under  nitrogen  atmosphere  for  2  h  to  obtain  the  iso-
cyanate-terminated  PTMG-MDI  prepolymer,  denoted  as  com-
ponent A. The mass ratio of MDI to PTMG was 6:4.

Subsequently,  PTMG  and  PPG3  were  mixed  in  mass  ratios
of  100:0,  95:5,  90:10,  85:15,  and 80:20.  Deionized water  (0.22
g)  and  the  TEDA  catalyst  (1  g)  were  sequentially  added,  and
the mixture was stirred thoroughly to produce component B.
Components  A  and B  were  then mixed according to  the  de-
signed  ratios  and  rapidly  stirred  for  30  s,  during  which  the
mixture volume expanded markedly,  followed by immediate
casting  into  preheated  polytetrafluoroethylene  molds.  The
samples were cured in an oven at 80 °C for 2 h to obtain the
microporous  SCPUs.  The  overall  hydroxyl-to-isocyanate  mo-
lar ratio was maintained at 1.04:1 to ensure the complete re-
action of the isocyanate groups. The detailed formulations are
presented in Table 1. The sample without PPG3 was designat-
ed  as  CPU.  The  as-prepared  SCPU  samples  were  labeled
SCPUx according  to  the  mass  fraction  of  PPG3  incorporated;
for example, SCPU3.8 indicates 3.8 wt% PPG3 in the system.

Preparation of SCPU-based Hybrid Airless Tires
To  evaluate  the  practical  applicability  of  SCPU  in  industry,  air-
less  tires  were  fabricated  at  Zhejiang  Hexin  Science  and  Tech-
nology Co., Ltd. (Jiaxing, China) using the SCPU10.7 formulation.
A 15.75-inch rubber  tire  tread was employed as  the mold,  and
an  automatic  casting  machine  was  used  to  produce  microp-
orous SCPU-filled hybrid airless tires.
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Characterization
The microporous morphologies of the samples were examined
by scanning electron microscopy (SEM, Hitachi SU5000, Japan).
The  chemical  structures  were  characterized  by  Fourier  trans-
form  infrared  spectroscopy  in  the  attenuated  total  reflectance
mode  (ATR-FTIR,  TENSORII,  Bruker,  Germany)  over  4000–450
cm–1.  Microphase  separation  was  investigated  by  atomic  force
microscopy (AFM, MultiMode 8-HR, Bruker,  Germany) operated
in  the  Quantitative  Nanomechanical  Mapping  (QNM)  mode;
samples were cryo-fractured in liquid nitrogen and polished to
obtain  flat  surfaces  prior  to  imaging.  The  crystallinity  was  ana-
lyzed  by  X-ray  diffraction  (XRD,  D/max  2500,  Japan)  over  a  2θ
range of  5°–50°.  Thermal  behavior  was analyzed by differential
scanning  calorimetry  (DSC,  DSC1,  Mettler-Toledo,  Switzerland)
under nitrogen using the following program: heating from 25 °C
to 250 °C, cooling to −70 °C, and reheating to 250 °C at a rate of
10  °C/min,  with  a  5  min  isothermal  hold  at  each  temperature

step.  The  softening  temperature  was  determined  by  thermo-
mechanical  analysis  (TMA,  TMA-60,  Shimadzu,  Japan)  using  a
cylindrical probe under a constant load of 1 N and heated from
30  °C  to  200  °C  at  5  °C/min.  Thermal  stability  was  assessed  by
thermogravimetric  analysis  (TGA,  STARe  TGA,  Mettler-Toledo,
Switzerland)  under  nitrogen  from  30  °C  to  800  °C  at  a  heating
rate  of  10  °C/min.  The  dynamic  mechanical  properties  were
measured  in  compression  mode  using  a  dynamic  mechanical
analyzer  in  compression  mode  (DMA,  Q800,  TA  Instruments,
USA) with a temperature sweep from 25 °C to 150 °C at 1 Hz. The
Compression  stress-strain  behavior  was  obtained  using  an  In-
stron  4465  universal  testing  machine  (Instron  Corp.,  USA)  at
room temperature. The rolling durability of the SCPU airless tires
was  assessed  using  a  custom-built  testing  apparatus  designed
to simulate the e-bicycle operating conditions.  During the test,
each tire  was subjected to a  load of  65 kg and rolled at  a  con-
stant  speed  of  25 km/h;  the  continuous  rolling  distance  was
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Fig. 1    Synthesis routes of SCPU.

 

Table 1    Synthesized formulation of CPU and SCPU samples (mass and mass ratio).
 

Sample CPU SCPU3.8 SCPU7.4 SCPU10.7 SCPU13.9

Component A (g) PTMG 40 40 40 40 40
MDI 60 60 60 60 60

Component B (g) PTMG 100 95 90 85 80
PPG3 0 5 10 15 20
H2O 0.22 0.22 0.22 0.22 0.22

TEDA 1 1 1 1 1
Mass ratio of A/B 29.2/100 33.0/100 36.9/100 40.7/100 44.6/100
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recorded.

RESULTS AND DISCUSSION

The Construction and Chemical Structure
Characterization of Micro Porous SCPUs
To  develop  lightweight  and  comfortable  tires,  the  incorpora-
tion of microcellular structures into polyurethane matrices is an
effective  strategy  to  reduce  density  while  enhancing  elasticity.
In the present system, water acted as a reactive foaming agent.
Upon mixing components A and B, water molecules in compo-
nent B reacted rapidly with isocyanate groups (―NCO) to gen-
erate  an  unstable  carbamate  intermediate  (R―NH―COOH),
which decomposed into primary amines with the concurrent re-
lease of CO2. The evolution of CO2 created gas bubbles, driving
the formation of a microcellular morphology. The newly formed
amines  subsequently  reacted  with  the  residual ―NCO  groups
to form urea linkages, further contributing to network crosslink-
ing. As the curing progressed, the microcellular structure gradu-
ally stabilized, yielding a permanent microporous architecture.

The microcellular structures of the CPU and SCPUs were ex-
amined  using  SEM,  as  shown  in Fig.  2.  In  the  CPU  sample
without  PPG3,  the  pores  appeared  irregular,  most  likely  due
to the collapse or deformation of the cellular structure during
curing as  a  result  of  polymer  flow.  With the incorporation of
PPG3,  the  pore  morphology  in  SCPUs  became  progressively
more uniform, indicating that PPG3 stabilized the microcellu-
lar  framework.  Quantitative  pore  size  analysis  showed  that
the average pore diameter increased slightly from 153 μm to
173 μm as the PPG3 content increased from 3.8 wt% to 13.9
wt%.  Despite  this  modest  enlargement,  the  distribution  be-
came significantly homogeneous. Such uniformity effectively
reduces the localized stress concentrations associated with ir-
regular pore sizes and contributes to the improved mechani-
cal  stability  of  the  material.  The  porosities  of  CPU,  SCPU3.8,
SCPU7.4,  SCPU10.7,  and  SCPU13.9  were  determined  to  be
50.9%, 55.5%, 56.4%, 59.1%, and 59.1%, respectively,  indicat-

ing that all foamed samples with PPG3 maintained a relative-
ly stable porosity.

The introduction of PPG3 introduces star-shaped junctions
that  promote  the  formation  of  a  chemically  crosslinked  net-
work  within  the  polyurethane  matrix.  Unlike  small-molecule
trifunctional  polyols,  whose  crosslinking  points  are  typically
localized in the hard segment domains, the crosslinking sites
of PPG3 reside at the molecular core, thereby distributing the
network  more  uniformly.  Such  a  network  prevents  the  poly-
mer  from  fully  dissolving  in  good  solvents  and  restricts  its
swelling  behavior.  To  verify  this  effect,  dissolution  and
swelling  experiments  were  performed  in  DMF,  a  strong  sol-
vent  for  linear  polyurethanes.  As  shown  in Fig.  3,  the  CPU
sample  without  PPG3  completely  dissolved  after  24  h,  yield-
ing a  transparent  solution,  which  is  consistent  with  its  linear
molecular  architecture.  In  contrast,  the  SCPUs  containing
PPG3 remained intact even after 72 h,  exhibiting varying de-
grees of swelling rather than dissolution,  thereby confirming
the establishment  of  crosslinked networks.  Notably,  SCPU3.8
displayed  a  relatively  loose  structure  upon  swelling,  reflect-
ing its  lower  crosslink density.  With increasing PPG3 content
to  10.7  wt%  and  13.9  wt%,  the  volumetric  changes  became
significantly reduced, indicating the development of a denser
three-dimensional  network  that  effectively  limited  solvent
penetration and polymer chain expansion.

The chemical structures of CPU and SCPUs were investigat-
ed  using  ATR-FTIR  spectroscopy  (Fig.  4a).  The  absorption
bands at  2937 and 2849 cm–1 correspond to the asymmetric
and symmetric stretching vibrations of the ―CH2 groups, re-
spectively.[25] The  characteristic  band  at  1598  cm–1 was  as-
signed to the C＝C stretching vibration of the aromatic ring in
MDI.[26] The  band  at  1100  cm–1 arises  from  the  C―O―C
stretching  vibration  of  PTMG  and  PPG3.[27] The  band  ob-
served  at  3296  cm–1 originates  from  the  N―H  stretching  vi-
bration  of  urethane  groups,  whereas  the  band  at  1530  cm–1

corresponds  to  the  amide  II  vibration,  associated  with  both
C―N  stretching  and  N―H  bending  vibrations.[28] The  car-
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Fig. 2    SEM images of (a) CPU, (b) SCPU3.8, (c) SCPU7.4, (d) SCPU10.7, and (e) SCPU13.9. Insets display the corresponding pore size distributions.

  Yuan, C. Y. et al. / Chinese J. Polym. Sci. 2026, 44, 474–484 477

 
https://doi.org/10.1007/s10118-025-3491-7

 

https://doi.org/10.1007/s10118-025-3491-7
https://doi.org/10.1007/s10118-025-3491-7
https://doi.org/10.1007/s10118-025-3491-7
https://doi.org/10.1007/s10118-025-3491-7
https://doi.org/10.1007/s10118-025-3491-7
https://doi.org/10.1007/s10118-025-3491-7
https://doi.org/10.1007/s10118-025-3491-7


bonyl  stretching  vibration  (C＝O)  was  observed  between
1780 and 1640 cm–1. This band split into two distinct compo-
nents owing to hydrogen bonding. The band at 1730 cm–1 is
attributed  to  free  C＝O  groups  not  engaged  in  hydrogen
bonding,  whereas  the  shoulder  band  at  1710  cm–1 corre-
sponds to hydrogen-bonded C＝O groups.[29] A weak band at
1649  cm–1 was  also  detected,  which  was  assigned  to  the
C＝O stretching of urea linkages formed via the reaction be-
tween  water  and  isocyanate.[30] The  absence  of  the ―NCO
absorption band at 2270 cm–1 in all  the spectra confirms the
complete consumption of the isocyanate groups.[31]

To  further  elucidate  the  hydrogen-bonding  interactions,
the  carbonyl  region  was  deconvoluted  and  the  ratio  of
hydrogen-bonded  to  free  C＝O  peak  areas  was  calculated
(Fig.  4b).[32,33] With increasing PPG3 content,  these ratios  de-
creased from 0.552 to 0.479, indicating progressive reduction
in  hydrogen  bonding.  This  trend  is  attributed  to  the  steric
hindrance introduced by  the  long flexible  arms of  PPG3 and
the methyl groups along each arm, both of which impede hy-
drogen bond formation.

Microphase Separation and Crystalline Structure of
SCPUs
The microphase separation structure of the CPU and SCPUs was

further investigated using AFM in QNM mode. In the DMT mod-
ulus images (Fig.  5),  the color scale from bright to dark reflects
the modulus values from high to low. The bright island-like re-
gions  correspond  to  the  hard  segment  domains  with  a  higher
modulus,  whereas  the  darker  regions  represent  the  soft  seg-
ment  matrix.[34] For  the  CPU  sample,  densely  aggregated  hard
segments  with  relatively  narrow  spacing  were  observed,  indi-
cating pronounced microphase separation. Upon incorporation
of PPG3, hard segment aggregation remained visible in SCPU3.8
and  SCPU7.4,  although  the  overall  DMT  modulus  values  de-
creased. When the PPG3 content was further increased to 10.7%
and  13.9%,  the  abundance  of  hard  segment-rich  domains  was
markedly reduced and only sparse bright spots were dispersed
within the soft segment matrix. This reduction in phase-separat-
ed  domains  can  be  attributed  to  the  steric  hindrance  intro-
duced by the long flexible arms of PPG3, which suppressed the
hard  segment  aggregation.  Additionally,  the  formation  of  a
crosslinked network restricts the mobility of PU chains, thereby
further inhibiting microphase separation between the hard and
soft segments.[35]

DSC  was  employed  to  further  elucidate  the  microphase
separation and crystallization behavior of CPU and SCPUs. As
shown in Fig. 6, the glass transition temperature (Tg), melting
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Fig. 3    Photographs showing dissolution and swelling behavior of CPU and SCPUs immersion in DMF for different durations.
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temperature  (Tm),  and  melting  enthalpy  (ΔHm)  of  each  sam-
ple  were  obtained  from  the  DSC  curves.  The Tg values  pro-
gressively  increased  with  the  incorporation  of  PPG3,  rising
from −59.2 °C for CPU to −51.3 °C for SCPU13.9. This increase
is attributed to the formation of a crosslinked structure, which
restricts  the  mobility  of  the  polyurethane  chains  and  conse-
quently  elevates Tg.  For  a  linear  CPU,  the  ordered  molecular
structure of PTMG allows the formation of crystalline regions
within  the  soft  segments,  as  evidenced  by  the  DSC  result  of
pure PTMG showing a melting peak at 22.7 °C with a ΔHm of
86.1 J/g (Fig. S1 in the electronic supplementary information,
ESI). Accordingly, CPU exhibited a melting peak at Tm=17.7 °C
with ΔHm=44.5 J/g. Upon introducing PPG3, both Tm and ΔHm

decreased gradually, reflecting the reduced crystallization ca-
pability  of  the  soft  segments.  For  instance,  SCPU10.7  dis-
played a Tm of 13.2 °C with a ΔHm as low as 0.8 J/g, indicating
that  crystallization  was  almost  completely  suppressed.  At  a
PPG3 content  of  13.9%,  no detectable  melting peak was ob-
served,  confirming  the  disappearance  of  soft  segment  crys-
tallinity.  This  phenomenon can be ascribed to the steric  hin-
drance  imposed  by  the  long  flexible  PPG3  arms  and
crosslinked  network,  which  impedes  the  ordered  packing  of
soft segments into crystalline domains.

XRD analysis was conducted to further verify the crystalliza-
tion  behavior  identified  by  DSC.  As  shown  in Fig.  7,  all  the

samples  exhibit  a  broad  amorphous  diffraction  peak  around
approximately  2θ equal  to  20°,  indicating  that  the  polymer
chains  predominantly  exist  in  an amorphous and disordered
state. With increasing PPG3 content, the intensity of this peak
gradually  decreased  and  broadened,  suggesting  progressive
enhancement of the structural disorder within the PU matrix.
In  addition  to  the  amorphous  peak,  CPU  displayed  a  weak
crystalline diffraction peak at  2θ=28.7°,  which was attributed
to the crystallization of PTMG soft segments, as confirmed by
the XRD pattern  of  pure  PTMG (Fig.  S2  in  ESI).  However,  this
crystalline feature completely  disappears  in  SCPU13.9,  which
is consistent with the DSC results and confirms that the incor-
poration  of  PPG3  effectively  suppresses  soft-segment  crys-
tallinity.

Thermal Properties of SCPUs
TMA was employed to evaluate the heat resistance of the sam-
ples by monitoring dimensional  changes under non-oscillatory
stress as a function of temperature. The TMA curves of the CPU
and SCPUs are shown in Fig. 8(a) and the corresponding soften-
ing temperatures are summarized in Fig. 8(b). A clear trend was
observed  in  that  the  softening  temperature  of  the  SCPUs  in-
creased  markedly  with  increasing  PPG3  content.  Specifically,
SCPU10.7 and SCPU13.9 exhibit softening temperatures of 183.0
and  186.3  °C,  corresponding  to  enhancements  of  30.9%  and
33.3% relative to the CPU, respectively.  Although the introduc-
tion of PPG3 increases the spacing between the hard segments
and  reduces  their  interactions,  the  formation  of  a  crosslinked
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Fig. 5    PeakForce QNM AFM images of (a) CPU, (b) SCPU3.8, (c) SCPU7.4, (d) SCPU10.8, and (e) SCPU13.9.
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Fig. 6    DSC thermograms of CPU and SCPUs.
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Fig. 7    XRD patterns of CPU and SCPUs.
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network stabilizes  the polymer matrix  and preserves  the struc-
tural integrity at elevated temperatures. Such an enhancement
is particularly critical under the high-speed dynamic conditions
encountered in e-bicycle tire applications.

TGA  was  performed  to  investigate  the  thermal  degrada-
tion behavior of the CPU and SCPUs. The TGA and derivative
thermogravimetry  (DTG)  curves  are  shown  in Figs.  9(a)  and
9(b),  and the corresponding parameters,  including the onset
decomposition  temperature  (T5%),  multistage  weight  losses,
and  char  residues  at  800  °C,  are  summarized  in Table  2.  For
the  CPU,  the T5% value  is  323.0  °C,  with  two  distinct  weight-
loss stages evident in the DTG curve. The first stage, centered
at approximately 355 °C, is attributed to the decomposition of
hard segments, whereas the second stage, occurring near 419
°C, corresponds to the degradation of soft segments.[36] After
the  incorporation  of  PPG3,  the T5% values  of  the  SCPUs  de-
creased  slightly  to  approximately  313  °C,  suggesting  a  mod-

est  reduction  in  the  initial  decomposition  resistance.  The
degradation process of SCPUs retains a two-stage profile, and
the  weight  loss  in  both  stages  gradually  increases  with  in-
creasing  PPG3  content.  The  char  residues  of  all  the  samples
remained  below  2%  at  800  °C,  confirming  that  the  thermal
degradation  of  these  systems  primarily  proceeds  through
volatilization  rather  than  carbonaceous  residue  formation.
Despite the slight decrease in T5%, the SCPUs maintained high
overall  thermal  stability,  which is  sufficient  for  their  targeted
application in e-bicycle tires.

Dynamic Compression Loss Behavior of SCPUs
The temperature rise of tires during driving is primarily induced
by  the  lag  of  polymer  chain  segments,  which  leads  to  energy
dissipation  and  dynamic  heat  buildup.  DMA  provides  a  sensi-
tive  approach  to  probe  such  thermo-mechanical  behavior  by
applying small-amplitude periodic loads under controlled tem-
peratures,  while  simultaneously  recording  the  stress-strain  re-
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Fig. 8    (a) TMA curves and (b) softening temperatures of CPU and SCPUs.
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Fig. 9    (a) TGA and (b) DTG curves of CPU and SCPUs.

 

Table 2    Multi-stage thermal weight loss data of CPU and SCPUs.
 

Sample
Weight loss (%)

Char residue (%) T5% (°C)
Stage 1 Stage 2

CPU 12.0 58.1 1.9 323.0
SCPU3.8 15.6 63.8 1.3 315.5
SCPU7.4 18.1 67.6 1.3 313.7

SCPU10.7 19.2 68.9 1.5 313.3
SCPU13.9 20.9 71.0 1.5 313.0
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sponse.  This  enabled  the  quantitative  evaluation  of  the  vis-
coelastic  parameters.  DMA  was  performed  in  the  compression
mode because the SCPU material functions as a core filler inside
the rubber tread of  the airless tire,  where it  predominantly un-
dergoes periodic vertical  compressive loads during rolling.  The
loss factor (tanδ)-temperature curves for the CPU and SCPUs are
shown in Fig. 10. For CPU, tanδ remained relatively stable below
70 °C, suggesting low internal dissipation and a stable viscoelas-
tic  response.  However,  above 70  °C,  tanδ increases  sharply,  re-
flecting  the  enhanced  chain  mobility  of  the  segments  that  in-
creases internal friction, thereby accelerating energy dissipation
and  heat  accumulation.  SCPU3.8  and  SCPU7.4  also  exhibit  an
upward trend in tanδ at elevated temperatures, yet their overall
values remain markedly lower than those of the CPU, indicating
a  partial  suppression  of  dynamic  loss.  Strikingly,  SCPU10.7  and
SCPU13.9  maintained  low  and  stable  tanδ values  over  the  en-
tire temperature range, demonstrating superior resistance to el-
evated temperatures under dynamic conditions. This improved
performance  is  attributed  to  the  presence  of  the  crosslinked

network introduced by PPG3, which effectively restricts the mo-
bility of chains and limits lag-induced heat generation. This sup-
pression of dynamic compression loss is highly beneficial for ex-
tending the service life of e-bicycle tires under high-speed and
long-distance cycling conditions.

Compressive Mechanical Properties
Fig.  11 shows  the  compressive  stress-strain  curves  of  the  CPU
and  SCPUs.  All  the  samples  exhibited  a  typical  nonlinear  re-
sponse that could be divided into three characteristic stages. In
the initial  strain range,  the stress  increases almost  linearly  with
strain,  reflecting  the  cooperative  stretching  of  polymer  chains
and the corresponding elastic recovery of the material. As defor-
mation progressed, the soft segment chains underwent signifi-
cant  sliding  and  rearrangement,  and  partial  disruption  of  the
microphase structures occurred.  This  marks the transition from
predominantly  elastic  behavior  to  plastic  flow.  At  high  strains,
the internal pores and free volume were nearly exhausted, and
the spacing between the molecular chains was significantly re-
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Fig. 10    tanδ versus temperature curves of CPU and SCPUs.
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Fig. 11    Compressive stress-strain curves of CPU and SCPUs.
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duced.  Consequently,  the  stress  increases  sharply  with  further
strain. At approximately 85% compression, the material reached
a  dense  state.  The  corresponding  stress  values  at  this  dense
state  are  6.7  MPa  for  CPU,  and  3.5,  3.2,  2.5,  and  2.0  MPa  for
SCPU3.8,  SCPU7.4,  SCPU10.7,  and  SCPU13.9,  respectively.  The
progressive  reduction  in  compressive  stress  with  increasing
PPG3 content was attributed to the influence of the star-shaped
crosslinked network,  which reduced the crystallinity of  the soft
segments.  Despite  the  reduction  in  compressive  strength  with
increasing PPG3 content, SCPU materials still  provide adequate
mechanical support for their intended application in airless tires,
ensuring structural integrity under typical load conditions.

Evaluation of the Durability of SCPU-based Hybrid
Airless Tires
Given the superior heat resistance and low dynamic heat gener-
ation of SCPU, it  exhibits strong potential for application in air-
less  tires.  To  evaluate  its  practical  performance,  the  SCPU10.7
formulation was selected based on its overall optimized perfor-
mance.  To  prevent  the  inherent  yellowing  of  aromatic
polyurethane during service, a black pigment was incorporated
into the formulation to produce a uniformly black core. The re-
sulting material was cast into a 15.75-inch rubber tread using an
automatic casting machine to fabricate microporous airless tires.
The durability of the fabricated hybrid airless tires was assessed
under a load of 65 kg at a rolling speed of 25 km·h–1, as shown in
Fig.  12(a).  Both  CPU- and  SCPU-based  tires  were  continuously
rolled  under  these  conditions  to  compare  their  performances.
The CPU-based hybrid tire failed after only 10 km, and the cross-
sectional  inspection  revealed  severe  melting  and  structural
damage to the CPU core (Fig. 12b). In contrast, the SCPU-based
hybrid  airless  tire  rolled  continuously  for  over  3000 km,  and
cross-sectional  inspection  after  testing  revealed  no  structural
damage  (Fig. 12b).  These  findings  demonstrate  the  excellent
mechanical  stability  and  practical  applicability  of  the  SCPU-
based design for high-performance and durable e-bicycle appli-
cations.

CONCLUSIONS

In summary, a series of microporous SCPU was successfully pre-
pared via a  casting  process,  employing  star-shaped  PPG3  as  a
multifunctional  crosslinker  and  water  as  an  environmentally
friendly  foaming  agent.  The  incorporation  of  PPG3  generated
long  flexible  arms  between  the  hard-segment  domains,  form-
ing  a  crosslinked  network.  The  large  steric  hindrance  of  PPG3
hindered the ordering of soft and hard segments, thereby sup-
pressing  PTMG  soft-segment  crystallization  and  reducing  the
degree  of  microphase  separation.  The  incorporation  of  10.7%
PPG3  increased  the  softening  temperature  of  SCPU  to  183  °C,
exhibiting a 30.9% improvement compared to CPU. Meanwhile,
the  crosslinked  network  restricted  the  mobility  of  the  polymer
chains, leading to a remarkable reduction in dynamic loss. When
applied  to  airless  tires  by  casting  SCPU  into  rubber  treads,  the
rolling  distance  exceeds  3000  km,  satisfying  practical  perfor-
mance requirements.  This  approach offers  a  simple,  cost-effec-
tive,  and  solvent-free  route  with  negligible  harmful  emissions,
highlighting the potential of SCPU for industrial-scale high-per-
formance airless tire applications.
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reduced dynamic loss and has been successfully applied in airless electric bicycle tires.
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