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Abstract   Polyurethane (PU) holds promise as a matrix for electrorheological elastomers (EREs) because of its excellent mechanical properties;

however, its high modulus often limits electrorheological (ER) efficiency. This study addresses this by tailoring the soft-segment architecture of

PU to adjust its mechanical and dielectric properties, thus improving the ER response of the PU-based ERE. Dynamic covalent bonds have also

been introduced to enable self-healing. Using poly(propylene glycol) (PPG), poly(tetramethylene glycol) (PTMG), and polycaprolactone (PCL) as

the soft segments, we fabricated EREs with 20 wt% TiO2. The resulting PPG-ERE exhibited an outstanding ER effect of 229.4% at 3 kV/mm, along

with a high stretchability (1835% elongation) and tensile strength of 3.6 MPa. PTMG-ERE has the highest storage modulus of 1.43 MPa at 3 kV/mm

and a relatively high tensile strength of up to 6.5 MPa, which is attributed to enhanced hydrogen bonding interactions among the regular PTMG

segments. The PCL-ERE with the highest Young’s modulus resulted in the lowest ER efficiency of 48% because of its high crystallization tendency.

The PPG-ERE also demonstrated efficient self-healing, recovering 79% of its mechanical strength after 12 h at room temperature. When applied in

a capacitive pressure sensor, the PPG-ERE showed a fast response (220 ms) and recovery (90 ms), detecting forces as low as 3 N. This study pro-

vides a practical strategy for designing high-performance multifunctional EREs through soft-segment engineering and dynamic bonding.
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INTRODUCTION

Electrorheological (ER) materials, a class of smart stimuli-respon-
sive  systems,  have  garnered  significant  interest  owing  to  their
ability to rapidly and reversibly tune rheological  properties un-
der an applied electric  field.  Since Winslow’s pioneering report
of the “electroviscous effect” in 1949, electrorheological  fluids
(ERFs)—comprising  polarizable  particles  suspended  in  insu-
lating  oils—have  been  widely  investigated,[1] leading  to  the
development  of  various  active  particulate  materials.[2−5] Never-
theless,  liquid-based ERFs  suffer  from intrinsic  limitations,  such
as  particle  sedimentation  and  leakage,  which  severely  restrict
their long-term reliability and practical applications.[6−8] To over-
come  these  drawbacks,  solid-state  analogs  known  as  elec-
trorheological elastomers (EREs) have been developed. The EREs
demonstrate  enhanced  durability  and  effectively  mitigate  is-
sues related to particle settling and liquid leakage.[9] Upon elec-

tric  stimulation,  the  embedded polarizable  particles  within  the
elastomeric matrix attract each other, leading to a swift and no-
table increase in storage modulus and stiffness.[10] These favor-
able  characteristics  make  EREs  promising  for  applications  in
damping, vibration isolation, and actuation technologies.[11,12]
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A  key  metric  for  evaluating  the  performance  of  EREs  is  ER
efficiency,  defined  as ,  where  and  repre-
sent  the  storage  modulus  of  the  ERE  with  and  without  an
electric  field,  respectively.[13] Conventional  EREs  often  em-
ploy polydimethylsiloxane (PDMS) as the matrix, with silicone
oil added as a plasticizer to reduce hardness and thereby en-
hance  the  ER  efficiency.[14−16] However,  such  systems  often
exhibit  inadequate  mechanical  strength,  and  the  plasticizer
tends to migrate or leak during operation,  which is  primarily
attributed  to  the  choice  of  the  matrix  material.[17] Thermo-
plastic  polyurethane (PU) has recently  emerged as an attrac-
tive alternative matrix owing to its long service life, low cost,
and low environmental impact.[18,19] Nevertheless, most prior
studies  have  focused  on  reinforcing  the  mechanical  perfor-
mance of PUs,[20,21] which typically raises the zero-field modu-
lus,  which  is  a  disadvantage  for  the  ER  efficiency,  as  the  for-
mula  favors  a  lower  baseline  modulus.  Thus,  strategically  re-
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ducing the modulus of PU through chemical design is crucial
for advancing high-performance PU-based EREs. However, an
excessively low modulus would also undermine practical utili-
ty,  as  many  engineering  applications  require  a  certain  load-
bearing capacity. This highlights the delicate balance needed
to tune PU’s mechanical properties of PU: the modulus must
be  lowered  to  boost  the  ER  response  while  retaining  suffi-
cient strength for real-world applications.

To date,  efforts  to modulate PU mechanics have predomi-
nantly  focused  on  hard-segment  modifications.[22,23] Howev-
er, achieving a lower modulus necessitates a greater soft-seg-
ment content, underscoring the pivotal yet understudied role
of soft-segment chemistry. Polyether polyols, for instance, im-
part  high  chain  flexibility,  yielding  PUs  with  low  hardness,
good  elasticity,  and  low-temperature  resistance.[24] In  con-
trast, polyester polyols offer better biocompatibility and, ow-
ing to their semi-crystalline nature, can enhance the mechani-
cal  strength  in  diverse  application  scenarios.[25] The  hydro-
gen  bonding  interactions  between  the  soft  and  hard  seg-
ments  play  a  critical  role  in  regulating  the  overall  properties
of PU.[26] In addition, the soft segments significantly influence
the dielectric behavior of PUs, which directly affects the ER re-
sponse of PU-based ERE.[27] Consequently, a systematic com-
parison of different soft-segment types is crucial for optimiz-
ing the mechanical and ER performance of EREs. Furthermore,
by  using  PU  as  the  matrix  of  ERE,  it  becomes  relatively
straightforward  to  provide  ERE  self-healing  capabilities[28]

thereby tackling the problem of  damage repair  in real-world
applications.

In this study, we designed a series of PUs with different soft
segments  as  the  matrix  for  EREs  to  elucidate  how  the  soft-
segment  structure  affects  the  mechanical  and  ER  properties
under  both  on- and  off-field  conditions.  Polyether  polyols,
poly(propylene glycol) (PPG) and poly(tetramethylene glycol)
(PTMG),  along  with  polyester  polyol  polycaprolactone  (PCL),
were  selected  as  soft  segments,  while  isophorone  diiso-
cyanate  (IPDI)  constituted  the  hard  segment.  To  endow  the
system with self-healing ability, 4,4′-dihydroxydiphenyl disul-
fide  (DHDDS)  was  incorporated  to  introduce  dynamic  disul-
fide  bonds,[29] which  together  with  PU’s  inherent  hydrogen
bonds  of  PU  enable  reversible  network  repair.[30,31] Titanium
dioxide (TiO2) particles were then dispersed into the self-heal-
ing  PU matrix  to  fabricate  the  final  ERE.  This  approach is  ex-
pected  to  yield  EREs  that  combine  a  balanced  low  modulus,
enhanced  mechanical  integrity,  reliable  self-healing,  and  a
satisfactory ER performance. Moreover, the tailored dielectric
properties of these EREs may extend their utility to multifunc-
tional applications such as dielectric layers in capacitive pres-
sure sensors for next-generation wearable electronics.

EXPERIMENTAL

Materials
Poly(propylene  glycol)  (PPG, Mn=2000),  1,4-butanediol  (BDO)
and  isophorone  diisocyanate  (IPDI)  were  purchased  from  Sig-
ma-Aldrich.  Dibutyltin  dilaurate  (DBTDL)  was  supplied  by  Al-
addin.  Poly(tetramethylene  glycol)  (PTMG, Mn=2000),  4,4′-dihy-
droxydiphenyl  disulfide  (DHDDS)  and  polycaprolactone  (PCL,
Mn=2000)  were  purchased  from  Macklin. N,N-dimethylfor-

mamide  (DMF)  was  sourced  from  Tianjin  Kermel  Chemical
Reagent  Co.,  Ltd.  Tetrabutyl  titanate (TBT)  was supplied by TCI
Chemicals. Prior to use, PPG, PTMG, PTMG, BDO, and IPDI were
dried at 100 °C for 12 h.

Synthesis of Self-healing PU
PPG (10 g) and IPDI (4.11 g) were introduced into a four-necked
flask, mechanically stirred at 260 r/min, and heated to 75 °C un-
der a nitrogen atmosphere for 30 min. Subsequently, DBTDL, at
1 wt% of the total reactants was added as a catalyst, and the re-
action  was  allowed  to  proceed  for  2  h  to  form  a  prepolymer.
that, 1.1 g) was then added to the prepolymer for the first chain-
extension step, which proceeded for 2 h. The temperature was
then  lowered  to  45  °C,  and  0.3  g  of  DHDDS,  previously  dis-
solved  in  DMF,  was  added  for  a  second  chain-extension  step,
continued for another 2 h. The resulting mixture was poured in-
to  a  polytetrafluoroethylene  (PTFE)  mold,  degassed  several
times, and then cured in an oven at 120 °C for 12 h to produce
the PU elastomer. The synthesis procedures for the PTMG-based
and  PCL-based  PU  were  identical  to  those  used  for  the  PPG-
based PU.

Fabrication of EREs
First,  a  certain  amount  of  TiO2 particles  (20  wt%  of  the  total
mass) was dispersed in DMF and shaken for 5 min, followed by
ultrasonication  for  30  min  to  obtain  a  well-dispersed  suspen-
sion.  After completing the two-step chain extension of  the PU,
an appropriate amount of DMF was added to reduce the viscos-
ity of the system. The stirring speed was then increased to 800
r/min, and the TiO2 suspension was slowly added dropwise, fol-
lowed by continuous stirring for 2 h. Finally, the homogeneous
mixture  was  cast  into  a  PTFE  mold  and  dried  to  form  the  ERE.
The synthesis process for the TiO2 particles is described in Sup-
porting Information.

Characterization
To evaluate the dispersibility of the TiO2 particles within the PU
matrix,  the  elastomers  were  fractured  at  cryogenic  tempera-
tures using liquid nitrogen and then coated with a thin layer of
gold.  The  cross-sectional  morphology  of  the  EREs  was  exam-
ined using scanning electron microscopy (SEM, S4800-II, Hitachi,
Japan).  The chemical structures of the elastomers were charac-
terized  using  Fourier-transform  infrared  spectroscopy  (FTIR,
Bruker  E55+FRA106,  Germany)  over  a  spectral  range  of
4000–400  cm–1 at  ambient  temperature.  The  crystalline  struc-
tures of the PUs and EREs were analyzed using small-angle X-ray
scattering (SAXS, Anton Paar SAXS-Point 5.0, Austria) to charac-
terize  their  nanoscale  structural  ordering.  Thermogravimetric
analysis  (TGA,  Netzsch  STA499C-F5,  Germany)  of  the  PUs  and
EREs was carried out under a nitrogen atmosphere at a heating
rate of 10 °C/min, ramping from ambient temperature to 700 °C.
The glass transition temperatures of the PUs and EREs were de-
termined  by  differential  scanning  calorimetry  (DSC,  DSC  250,
USA).

Mechanical Testing
The mechanical properties of the PUs and EREs were evaluated
using an electronic universal testing machine (TFW-5S; Tuofeng
Instruments,  China).  The  elastomers  were  cut  into  dumbbell-
shaped specimens with dimensions of 50 mm × 4 mm × 1 mm
and subjected to tensile evaluation at a constant displacement
rate of 50 mm/min.
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Self-healing Performance Testing
Samples of  the same size as those used for mechanical  testing
were  cut  in  the  middle,  and  the  two  fractured  ends  were
brought into contact and placed in a vacuum oven at 25 °C for
12 h.  Fracture  morphology was examined using an optical  mi-
croscope  (CX43,  OLYMPUS,  Japan).  Self-healed  dumbbell-
shaped samples prepared in the same manner were subjected
to  identical  mechanical  testing.  Self-healing  efficiency  (η)  was
calculated using Eq. (1):

η (%) = Eh/E0 × 100% (1)

Eh E0where  denotes the tensile strength after self-healing and 
denotes the tensile strength without damage.

Rheological Testing
The  viscoelastic  behavior  of  the  ERE  samples  was  investigated
using  a  rotational  rheometer  (MCR502,  Anton  Paar,  Austria)
equipped with a parallel-plate geometry (PP15/E/Ti/S). The test
specimens were prepared in the form of discs with a diameter of
15 mm and thickness of 1 mm. A constant normal force of 1 N
was  maintained  throughout  the  measurements  to  ensure  the
accuracy.  Amplitude  sweeps  were  performed  at  an  oscillatory
shear  frequency  of  10  rad/s  over  a  strain  amplitude  range  of
0.01%–10%. Frequency sweeps were performed in the range of
1–100  rad/s  at  a  fixed  strain  amplitude  of  0.01%.  During  each
test,  an  external  electric  field  was  applied  in  the  range  of  0–3
kV·mm–1 to  evaluate  the  viscoelastic  response  of  the  EREs  un-
der  varying  field  strengths.  The  strain-dependent  energy  dissi-
pation was quantified by the loss factor (tanδ),  calculated from
the ratio of G″ to G′ obtained during the amplitude sweeps. The
relative ER efficiency was determined according to Eq. (2):

ER efficiency =
G′

E − G′
0

G′
0

× 100% (2)

G′
E G′

0where  and denote the storage moduli of the ERE with and
without an applied electric field, respectively.

Dielectric Testing
Before the measurements, the specimens were cut into circular
discs with a diameter of 25 mm and a thickness of 1 mm to en-
sure  conformal  contact  with  the  electrodes.  Dielectric  spec-
troscopy was carried out using an impedance analyzer (SI 1260,
Solartron, UK) under an applied AC voltage of 0.1 V, within a fre-
quency range of 0.1–106 Hz.

Capacitive Pressure Sensing Performance Testing
Conductive tape was attached to the upper and lower surfaces
of the ERE, and wires were connected to an impedance analyzer
(IM  3570,  Hioki,  Japan)  to  monitor  the  capacitance  variations.
The pressure applied under different conditions was quantified
using a digital force gauge (ZP-100N; Kehui, China).

For  performance  evaluation,  the  assembled  capacitive
pressure sensor (CPS) was affixed to the back of the hand, and
the  capacitance  variations  were  recorded  during  finger  tap-
ping and pressing. Furthermore, when the CPS was attached
to the thumb, the Morse code signals were successfully trans-
mitted by varying the duration of the finger press. A continu-
ous press was also applied to the surface of the CPS to record
the  relationship  between  the  capacitance  and  pressure.  The
relative  capacitance  change  (ΔC/C0)  was  calculated  accord-
ing to Eq. (3):

ΔC/C0 =
C′ − C0

C0
(3)

C′ C0where  is  the  varied  capacitance  and  is  the  initial  capaci-
tance.

RESULTS AND DISCUSSION

Structures of Synthesized EREs
Fig. 1(a) illustrates the preparation process of EREs. To elucidate
the role of soft-segment structures in PU, three polyols with dis-
tinct  architectures  were  incorporated.  Polyether-based  seg-
ments (PPG and PTMG) imparted high chain mobility,  whereas
the polyester segment (PCL) contributed to enhanced mechani-
cal  strength owing to its  semi-crystalline nature.  Moreover,  the
alicyclic  structure  of  IPDI  introduces  appropriate  steric  hin-
drance, further promoting chain mobility. This structural design
facilitated  dynamic  disulfide  exchange  in  DHDDS,  thereby  en-
dowing the PU matrix with self-healing capabilities (Fig.  1b).  In
addition, the dielectric nature of the PU matrix with embedded
TiO2 particles  enhanced the capacitive sensing performance of
the elastomer (Fig. 1c).

FTIR spectroscopy was employed to verify the chemical re-
actions and molecular interactions within PUs- and PU-based
EREs. As shown in Figs. 2(a) and 2(b), the disappearance of the
characteristic  isocyanate  (―NCO)  absorption  band  at  2270
cm–1 confirmed  the  complete  consumption  of  isocyanate
groups during the polymerization process. Carbonyl (―C＝O)
stretching  vibrations  were  observed  in  the  range  of
1760–1660 cm–1, while a broad absorption band correspond-
ing to ―NH stretching appeared near 3300 cm–1. In addition,
the  presence  of  a  distinct  disulfide  (―S―S―)  stretching
band  at  760  cm–1 verified  the  successful  incorporation  of
disulfide  linkages.[21] Notably,  the  carbonyl  stretching  bands
observed between 1760 and 1660 cm–1 were associated with
hydrogen bonding interactions among the hard segments. As
shown in Fig. 2(c), the incorporation of TiO2 particles resulted
in  a  pronounced  reduction  in  the  intensity  of  these  bands,
suggesting  that  the  particles  interfered  with  the  hydrogen
bond  formation  within  the  hard  domains.  The  adsorption
peaks  in  the  range  of  1760–1650  cm–1 were  fitted  by  the
Gauss-Lorentz  curve,  as  shown  in Fig.  2(d).  The  peak  in  the
range  of  1710–1725  cm–1 (peak  1)  corresponds  to  the  free
carbonyl stretching vibrations,  while the peak observed near
1695  cm–1 (peak  2)  is  associated  with  strongly  hydrogen-
bonded  carbonyl  groups.[32] The  characteristics  and  intensi-
ties  of  these  hydrogen-bonded  carbonyl  peaks  vary  signifi-
cantly  depending  on  the  type  of  the  soft  segment.  At  the
same  observation  scale,  the  carbonyl  vibration  intensity  in
PPG-PU  was  the  weakest,  indicative  of  the  lowest  hydrogen
bonding  strength,  which  was  attributed  to  the  steric  hin-
drance of its methyl (―CH3) side groups. Conversely, PCL ex-
hibited  the  highest  carbonyl  vibration  intensity,  likely  be-
cause  of  the  presence  of  a  large  number  of  ester  groups,  as
urethane-ester  hydrogen  bonds  possess  greater  bond  ener-
gies  than  urethane-ether  bonds.  Because  PTMG  lacks  side
groups that cause steric  interference,  the hydrogen bonding
strength in PTMG-based systems is greater than that in PPG-
based systems, contributing to enhanced mechanical proper-
ties. To quantitatively assess the extent of hydrogen bonding
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associated with the urethane carbonyl groups present in PUs
and  PU-based  EREs,  the  hydrogen  bonding  content  (X)  was
calculated using the peak areas[33,34]

X =
Ah

Ah + Af
× 100% (4)

where Ah and Af are  the  peak  areas  of  the  H-bonded  and  free
carbonyl  groups,  respectively.  Table  S1 (in  the electronica sup-
plementary information, ESI) presents the X values for all the PU
and ERE samples. It is important to emphasize that X represents
the  relative  ratio  of  the  hydrogen-bonded  carbonyl  groups
rather than an absolute measurement. PTMG-PU demonstrated
the  highest  hydrogen  bonding  content  of  79.75%,  which  was
attributed  to  the  high  regularity  of  the  PTMG  soft  segment.  In
contrast,  PPG-PU exhibited the lowest  hydrogen bonding con-
tent  (6.27%),  likely  because  of  the  significant  steric  hindrance
imposed  by  the  methyl  side  groups.  Among  the  ERE  samples,
PTMG-ERE also displayed the highest X value (69.43%).

Thermogravimetric  (TG)  and  derivative  thermogravimetric
(DTG)  analyses  were  performed  to  further  validate  the  ther-
mal  stability  of  the  prepared  samples.  As  illustrated  in Figs.
3(a) and 3(b), the chemical structure of the soft segments had
a  significant  impact  on  the  thermal  properties  of  both  PUs.
Polyether  polyols  (PPG  and  PTMG)  offer  better  flexibility,
which  facilitates  greater  chain  mobility  and  results  in  lower
thermal  degradation  rates  and  higher  thermal  stabilities.[35]

Notably,  the  thermal  decomposition temperature  of  the  soft
segments was significantly  higher than that of  the hard seg-
ments.  Therefore,  the  samples  containing  PPG  and  PTMG  as
soft segments, which demonstrated lower compatibility with
the  hard  segments,  exhibited  two  distinct  decomposition
peaks. These samples also indicated a greater residual mass at
equivalent  temperatures  relative  to  PCL-PU,  indicating  high-
er thermal stability. In the case of PCL-PU, a single decompo-
sition peak near 340 °C was observed, which was attributed to
the  favorable  compatibility  between  PCL  and  the  hard  seg-
ments. After TiO2 incorporation (Figs. 3d and 3e), the decom-
position peaks associated with various soft  segments shifted
toward  lower  temperatures,  accompanied  by  a  reduction  in
the  temperature  differential  between  the  decomposition  of
the soft and hard segments. This indicates that the TiO2 parti-
cles  disrupted  intermolecular  interactions,  thereby  enhanc-
ing  segmental  compatibility  and  diminishing  the  degree  of
microphase separation.

Figs. 3(c) and 3(f) show the determination of the glass tran-
sition  temperature  (Tg)  of  the  PUs  and  PU-based  EREs  using
DSC thermograms. In the PU elastomer containing PCL as the
soft segment, a melting peak corresponding to crystallization
was  observed  at  34.11  °C,  indicating  the  presence  of  crys-
talline  domains.  The  addition  of  the  TiO2 particles  disrupted
these crystalline regions, leading to the disappearance of the
melting peak. The Tg of PU containing PPG and PTMG, associ-
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Fig.  1    Construction  and  characterization  of  the  EREs.  (a)  Preparation  of  EREs;  (b)  Schematic  illustration  of  the  self-healing  mechanism  of  EREs;
(c) Schematic representation of the working mechanism of CPS with a composite elastomer active layer.
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ated with chain mobility within the soft segments, exhibited a
downward shift following the incorporation of TiO2 particles.
This reduction was ascribed to the disruption of intermolecu-
lar  interactions  caused  by  the  particles,  thereby  enhancing
the segmental  mobility of  the PU soft  segments to some ex-
tent. The SAXS analysis (Fig. S1 in ESI) revealed a weak scatter-
ing peak in the q range of 0.50–0.75 nm–1 for the PUs, indicat-
ing the presence of  limited microphase separation.  Upon in-
corporation of  TiO2 particles,  the scattering peak was signifi-
cantly  suppressed,  suggesting  that  the  particles  interfered
with intermolecular  interactions  among chain  segments  and
consequently  diminished  the  degree  of  microphase  separa-
tion.

Fig. 4 shows the cross-sectional SEM images of the EREs, in-
dicating the dispersion of TiO2 particles within the PU matrix.
As  it  has  been  observed  that  the  synthesized  TiO2 particles
exhibit a tendency to aggregate, with the majority displaying
diameters  ranging  from  0.5  µm  to  2.0  µm  (Fig.  S2  in  ESI).  As
shown in Figs. 4(a)–4(c), the SEM images of the ERE cross-sec-
tions  demonstrate  a  similar  distribution  of  TiO2 particles
across the EREs based on different soft segments, with the ab-
sence  of  large  agglomerates.  This  observation  suggests  that
the interaction between the TiO2 particles and PU matrix not
only  affects  the  interactions  among  the  polymer  chains  but
also inhibits the formation of particle agglomerates.

Mechanical Properties of PUs and EREs
Figs.  5(a)  and 5(b) show the tensile properties of PUs and EREs
with varying soft-segment structures. Among the three PU elas-
tomers,  PCL-PU  exhibited  the  highest  tensile  strength  (12.33
MPa, whereas its corresponding ERE exhibited the highest ten-
sile strength (9.45 MPa among the three EREs samples. This su-
perior  mechanical  performance  can  be  attributed  to  the  pro-
nounced  crystallization  tendency  of  PCL.  The  FTIR  analysis  fur-
ther  revealed  stronger  hydrogen  bonding  in  PCL-PU,  which

contributed  to  its  superior  mechanical  strength.  However,  the
presence  of  crystalline  domains  markedly  restricts  polymer
chain  mobility,  limiting  chain  extension  and  deformation  and
resulting  in  reduced  elongation  at  break.  In  contrast,  samples
based on PPG displayed the largest elongation at break, reach-
ing up to 1835% for  PPG-ERE.  The methyl  (―CH3)  side groups
resulted in a relatively weak hydrogen bonding strength in the
PPG-based samples and finally led to the lowest tensile strength
of  3.6  MPa  for  PPG-ERE.  PTMG,  which  is  characterized  by  its
―C―O―C― structure  and  the  absence  of  side  groups  inter-
fering with hydrogen bonding,  exhibits  intermediate mechani-
cal  properties.  Compared  to  the  EREs  with  the  other  two  soft
segment  structures  (PPG-ERE  and  PCL-ERE),  PTMG-ERE  has  a
higher mechanical strength (6.5 MPa and greater elongation at
break  (1125%). Fig.  5(c)  illustrates  the  significant  differences  in
Young’s modulus among the PU elastomers, consistent with the
influence  of  the  chain  segment  structure  and  hydrogen  bond
strength discussed previously. PPG-PU exhibits the lowest mod-
ulus at 4.83 MPa, followed by PTMG-PU at 10.33 MPa, with PCL-
PU  displaying  the  highest  modulus  of  15.30  MPa.  In  the  ERE
samples, the incorporation of TiO2 particles leads to a reduction
in Young’s modulus, which is attributed to a marked decrease in
hydrogen bond strength and the introduction of additional free
volume by the particles.

Figs.  5(d)  and 5(e)  provide a more intuitive demonstration
of  the  macroscopic  mechanical  performance.  A  thin-film
specimen with dimensions of 25 mm × 4 mm × 0.5 mm and a
mass of about 0.5 g was able to support a load of 700 g—ap-
proximately  1400  times  its  own  weight—without  fracturing,
thereby highlighting its remarkable load-bearing capacity.  In
addition,  the  sample  readily  withstood  punctures  by  sharp
objects  without  exhibiting  cracks  or  structural  failure.  These
findings confirm that engineered PU-based EREs possess out-
standing overall  mechanical  stability and damage resistance,
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Fig. 4    Cross-sectional SEM images of EREs: (a) PPG-ERE, (b) PTMG-ERE, and (c) PCL-ERE.
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providing compelling evidence of their reliability for practical
applications.

Self-healing Performance of PUs and EREs
The  self-healing  properties  of  polymeric  materials  are  funda-
mentally  governed  by  two  key  factors:  (i)  the  existence  of  dy-
namic and reversible physical/chemical bonds, and (ii) elevated
chain mobility. In PUs, hydrogen-bonding interactions between
soft  and  hard  segments,  together  with  disulfide  bonds,  estab-
lish essential conditions for effective healing. The alicyclic diiso-
cyanate IPDI provided an optimal balance by introducing mod-
erate steric hindrance that facilitated chain rearrangement while

simultaneously  enhancing  the  mechanical  robustness  of  the
material.  In  EREs,  the  incorporation  of  particles  further  modu-
lates  both  dynamic  bond  interactions  and  chain  mobility,  un-
derscoring the critical  role  of  selecting a  suitable  soft  segment
to  optimize  the  healing  efficiency.  The  optical  microscopy  im-
ages in Fig. S3 (in ESI) demonstrate that PUs are capable of clos-
ing surface cracks within 12 h at room temperature without the
application  of  any  external  stimuli.  Among  the  samples,  PPG-
ERE  exhibited  the  highest  self-healing  efficiency,  recovering  a
tensile strength of 2.8 MPa and elongation at break of 1000%, as
shown  in Fig.  6(a),  achieving  a  self-healing  efficiency  of  79%.
This  superior  performance  is  attributed  to  the  presence  of
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―CH3 groups  in  PPG,  which  enhance  chain  flexibility  and  en-
able  more  effective  conformational  adjustments.  Relatively
weak hydrogen bonding facilitates the reversible breaking and
reformation of physical bonds. For PTMG-ERE, despite the high
original  tensile  strength,  particle  incorporation  impeded  the
achievement  of  higher  tensile  strength  upon  healing;  the  self-
healed PTMG-ERE exhibited a tensile strength of 2.85 MPa and
elongation at break of 665% (Fig. 6b). PCL-ERE showed the low-
est  healing efficiency,  attributable to restricted chain dynamics
(Fig.  6c).  The overall  self-healing efficiencies are summarized in
Fig.  6(d),  confirming  that  PPG-ERE  had  the  highest  efficiency,
whereas PCL-ERE had the lowest efficiency. Furthermore, Fig. S4
(in ESI) shows the stress-strain curves of PPG-PU after self-heal-
ing compared to the original sample. A significantly higher self-
healing  efficiency  of  91.8%  was  achieved,  indicating  that  the
mobility and interaction of the polymer chains were reduced by
the incorporation of TiO2 particles.

The  self-healing  functionality  of  the  EREs  was  further  vali-
dated through a bulb lighting experiment, as depicted in Fig.
6(e).  When the conductive carbon black layer was intact,  the
bulb  was  illuminated,  confirming  the  presence  of  a  closed
electrical  circuit.  The  disruption  of  this  layer  interrupted  the
conductive pathway, leading to the extinction of the bulb. Re-
markably,  after  self-healing  at  70  °C  for  only  1  min,  the  film
fully  restored its  electrical  conductivity,  enabling the bulb to
relight.  This  rapid  recovery  demonstrates  the  capability  of
EREs to restore electrical functionality under mild conditions,
thereby  underscoring  their  potential  as  intelligent  self-heal-
ing materials for flexible electronics.

Viscoelastic Properties of EREs
Fig.  7 shows  the  strain  sweep  profiles  of  the  storage  modulus
(G′)  and  loss  modulus  (G″)  for  the  EREs  subjected  to  varying

electric  field  strengths,  and  the  frequency  sweep  results  are
shown in Fig. S5 (in ESI). Within the strain range of 0.01%–10%,
G′ consistently exceeded G″, demonstrating the dominant elas-
tic  behavior  of  the material.[36] For  EREs with polyether  polyols
as soft segments, namely PPG-ERE (Fig. 7a) and PTMG-ERE (Fig.
7b), both G′ and G″ remained nearly constant within 0.01%–1%
strain,  followed  by  a  slight  decline  beyond  1%,  while  still  re-
maining within the linear viscoelastic region. This behavior sug-
gests that the polymer chain networks retain recoverability un-
der shear deformation, which is attributed to the higher flexibil-
ity of polyether polyols, which enables the rapid reconstruction
of deformed chains. At elevated strains, the delayed chain mo-
bility impedes structural  recovery,  resulting in reduced moduli.
In  contrast,  the  PCL-ERE  samples  exhibited  a  pronounced  de-
crease  in  the  modulus  near  2.12%  strain  and  a  smaller  differ-
ence between G′ and G″ (Fig. 7c). This behavior is ascribed to the
strong  crystallization  tendency  of  PCL;  the  crystalline  domains
hinder  their  structural  reformation,  leading  to  reduced  rigidity
and lower modulus.

The loss factor, which is closely related to the viscoelastici-
ty  of  polymers,[37] was  evaluated  to  analyze  the  rheological
characteristics of the EREs under varying strains. As shown in
Figs.  7(d)–7(f),  increasing  the  strain  enhanced  the  molecular
chain  motion  and  interfacial  slippage  between  the  polymer
chains and TiO2 particles, leading to increased energy dissipa-
tion and thus an increase in the loss factor. However, the PPG-
ERE  exhibited  the  lowest  loss  factor  with  minimal  variation
with increasing strain. This can be attributed to the relatively
weak hydrogen bonding in  PPG-ERE,  which reduces  the fric-
tion  generated  during  interfacial  slippage  between  the
molecular chains and particles, leading to lower energy dissi-
pation.

Fig. 8(a) shows that the G′ of the EREs increases with the ap-
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plied electric  field strength.  This  enhancement is  ascribed to
the  field-dependent  polarization  of  the  TiO2 particles  and
their  interactions  with  the  surrounding particles,  resulting in
increased hardness and modulus of the EREs. The relative ER
efficiency, which is a key metric for evaluating the ER perfor-
mance, is shown in Fig. 8(b). PPG-ERE achieves the highest ER
efficiency  of  229.4%  at  an  electric  field  of  3  kV/mm,  with  its
modulus  increasing  from  0.34  MPa  to  1.12  MPa.  This  is  be-
cause  the  PPG-ERE  has  a  lower  zero-field  modulus,  and  the
high elasticity and mobility of its flexible soft segments facili-
tate greater contraction under an electric field. PTMG-ERE dis-
plays an ER efficiency of 74.3%, even though, the highest G’ of
1.43 MPa at  3  kV/mm is  achieved in  this  sample.  In  contrast,
the PCL-ERE is prone to dielectric breakdown at 3 kV/mm and

attains an ER efficiency of only 48% at 2 kV/mm, which is con-
sistent with the highest dielectric constant and dielectric loss
discussed  below.  These  results  indicate  that  the  polyether-
type  soft-segment  composition  enhances  ER  performance.
EREs  with  more  flexible  soft  segments  exhibited  a  wider  lin-
ear  viscoelastic  region,  accommodating  larger  strain  varia-
tions.  Through  the  engineering  of  soft  segments,  the
achieved ER efficiency and high field-induced storage modu-
lus  were  significantly  higher  than  those  reported  for  dipole-
dominated and anisotropic EREs.[36]

Dielectric Properties of PUs and EREs
The dielectric properties critically influence the ER performance
of EREs. As shown in Fig. 9(a), PPG-PU exhibited a higher dielec-
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Fig. 9    Dielectric properties of PU and EREs: (a, b) dielectric constant and (c, d) dielectric loss factor.
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tric constant (5.94 at 100 Hz than PCL-PU (4.14, 100 Hz) and PT-
MG-PU  (1.89  at  100  Hz).  This  is  attributed  to  the  side  methyl
group  of  PPG,  which  improves  the  mobility  of  the  chain  seg-
ments, thus increasing the orientational polarization of the po-
lar urethane groups under an electric field. Even though PCL has
polar C＝O groups, its crystallization tendency results in a non-
polar  crystalline  structure  with  oppositely  oriented  dipoles,
counteracting polarization,  and limiting dipolar  contribution at
low  frequencies,  thereby  reducing  the  dielectric  constant.[38,39]

The  non-polar  characteristics  of  PTMG,  combined  with  its  en-
hanced structural regularity, contribute to an increased packing
density of the polymer chains, resulting in reduced polarizabili-
ty. Fig.  9(b)  shows  that  the  dielectric  constant  of  the  EREs  in-
creases after  the addition of  TiO2,  as  TiO2 is  a  high-permittivity
material  that  enhances  interfacial  polarization.  In  PCL-ERE,  the
particle fillers disrupt the crystallinity, increasing the dipolar po-
larization contribution and significantly increasing the dielectric
constant. Fig.  9(c)  indicates that PPG-PU has a higher dielectric
loss,  which  may  be  attributed  to  its  lower  polarity  and  higher
flexibility.  These  characteristics  result  in  a  stronger  molecular

mobility,  more  pronounced  polarization  lag,  and  increased  in-
ternal dissipation under the influence of an electric field.[40,41] Af-
ter TiO2 incorporation (Fig. 9d), the dielectric loss of the EREs in-
creases,  possibly  due  to  interfacial  polarization  relaxation  and
particle aggregation.  The higher dielectric  loss  observed in the
PCL-ERE  is  because  the  polar  ester  linkages  restrict  the  chain
mobility,  preventing efficient polarization reversal under an AC
field.  In  contrast,  the  lower  loss  of  the  polyether  analog  arises
from its flexible chains, which enable rapid dipole reorientation
and reduced energy dissipation.

Capacitive Pressure Sensing Performance of EREs
A  CPS  was  fabricated  using  the  PPG-ERE  as  the  dielectric  layer
(Fig.  10a).  The applied pressure induces changes in the capaci-
tance according to the relationship C = εA/d, where ε is the per-
mittivity  of  the  dielectric  sandwich  layer  situated  between  the
parallel plate electrodes, A denotes the overlapping area of the
capacitor plates, and d corresponds to the distance between the
electrodes.  This  configuration  enables  pressure-sensing  func-
tionality.  Relative  capacitance  change  (ΔC/C0)  under  different
pressures  was  characterize.[42,43] As  illustrated  in Fig.  10(b),  the
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CPS  exhibits  continuous  and  stable  responses  over  approxi-
mately  5  s  when subjected to applied forces of  3,  8,  and 16 N.
The  relationship  between  ΔC/C0 and  applied  pressure  over  a
broad  pressure  range  is  shown  in  Fig.  S6  (in  ESI).  This  demon-
strates a notably high sensitivity during the initial  compression
state. However, when the pressure increased to 20 N, the capac-
itance  stabilized  and  did  not  vary  with  pressure,  which  can  be
attributed to the limited compressive capacity of the elastomer.
Fig. 10(c) reveals that both the response and recovery times in-
crease with pressure, ranging from 220 ms to 430 ms for the re-
sponse  time  and  from  90  ms  to  140  ms  for  the  recovery  time,
consistent  with the loss  factor  analysis.  At  lower  pressures,  the
sensor  exhibited  predominantly  elastic  behavior,  resulting  in  a
rapid  response.  In  contrast,  higher  pressures  induced  greater
vertical strain within the EREs, leading to increased capacitance
variation but slowed recovery owing to enhanced viscous dissi-
pation and structural  disruption,  as  depicted in Figs.  10(d)  and
10(e).  In  addition,  the  CPS  enables  the  transmission  of  Morse
code  signals  by  modulating  the  duration  of  the  applied  force
(Figs.  10f–10h).  In  summary,  CPSs  fabricated  from  EREs  exhibit
rapid  response,  reliable  recovery,  and  stable  signal  output
across  a  range  of  loading  conditions.  These  features  highlight
the  strong  potential  for  integration  into  wearable  electronics
and intelligent sensing systems.

CONCLUSIONS

In  this  study,  self-healing  PU  matrices  with  different  soft-seg-
ment  structures  were  synthesized  and  further  integrated  with
TiO2 to develop high-performance EREs.  The resulting EREs ex-
hibited  superior  mechanical  properties  while  simultaneously
delivering  excellent  ER  responsiveness,  self-healing  capability,
and pressure-sensing functionality. Notably, the ERE incorporat-
ing flexible PPG as the soft segment achieved a maximum ER ef-
ficiency  of  229.4%  under  an  electric  field  of  3  kV/mm,  while
maintaining a tensile strength of  3.6 MPa together with an ex-
ceptionally  high elongation at  break of  1835% and a  self-heal-
ing efficiency of 79%. In contrast, the ERE based on PTMG exhib-
ited a lower ER efficiency of 74.3% but attained the highest stor-
age modulus at 3 kV/mm, likely attributable to an elevated off-
field  shear  modulus  arising  from  the  hydrogen-bonded  poly-
mer chains. The ERE-containing PCL displayed the greatest ten-
sile  strength  (9.45  MPa  and  a  higher  off-field  shear  modulus,
which corresponded with the lowest ER efficiency, primarily be-
cause  of  the  crystallinity  inherent  in  the  PCL  segments.  These
outstanding mechanical and self-healing properties expand the
practical  applicability  of  EREs  and  substantially  prolong  their
service life.  In  addition,  EREs have been employed as  dielectric
layers  in  the  development  of  CPS.  By  leveraging  the  dielectric
elastomer  characteristics  of  the  EREs,  a  CPS  was  fabricated,
which exhibited a rapid response to a 3 N external force within
220 ms and recovery  within  90  ms,  while  maintaining a  stable
signal  output  under  continuous  loading.  This  study  demon-
strates  the  feasibility  of  soft-segment  engineering  in  PU-based
EREs  and  offers  new  insights  into  the  design  of  high-perfor-
mance multifunctional EREs.
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High-performance  self-healing  electrorheological  elastomers  were  fabricated  using  polyurethane  with  engineered  soft
segments as the matrix, which also exhibited capacitive sensing performance, demonstrating their multifunctional appli-
cation potential.
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