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ABSTRACT: Herein, a novel strategy has been developed for the preparation of high-performance conductive elastomers featuring
long functional polymer cross-linkers. The macromolecular cross-linkers containing multi boronic ester bonds in the backbone were
designed via thiol/acrylate reactions between poly(ethylene glycol) diacrylate (PEGDA) and a dithiol-containing boronic ester
(BDB). The obtained PEG−BDB was copolymerized with n-butyl acrylate (n-BA) to provide PBA/PEG−BDB elastomers. The
resultant elastomers exhibit combined desirable properties of high stretchability, low Young’s modulus, low hysteresis, and self-
healing performance, simultaneously. To demonstrate their practical applications, sensors based on PBA/PEG−BDB were
successfully attached onto diverse joints (wrist, elbow, and finger) of the puppet for real-time motion detection. What is more, the
elastomer sensors could well recognize other human activities like writing. This work offers a new design strategy for flexible sensors
by optimizing the cross-linked dimension with long functional polymer chains as cross-linkers.

1. INTRODUCTION
Flexible electronics have generated increasing attention in
recent years for a broad range of promising applications
benefiting from their unique advantages including being
lightweight, stretchable, and flexible and having comfortable
human−machine interaction experiences.1−5 Conductive elas-
tomers possessing high extensibility6−9 and recoverable
capability10−12 can act as ideal stretchable electrodes in
capacitive or resistive sensors13−16 and have pushed for rapid
growth in the related field of flexible electronics.17−19 In
practical applications, conductive elastomers will inevitably
suffer from mechanical damage upon scratch or rupture, thus
shortening the elastomers’ service life and reducing their
durability. Inspired by biological systems which can sponta-
neously self-repair,20−23 the fabrication of self-healing materials
mimicking nature’s ability has accomplished rapid advances in
recent years.24,25 For those self-healing materials, they are
capable of restoring their original mechanical properties and
functionality upon damage, thereby significantly prolonging
the materials’ life spans and enhancing their reliability.26,27

Therefore, it is highly desirable for conductive elastomers to

have the interesting self-healing ability that allows for damage
repair.28,29

To impart self-healing capability to the elastomers, elegant
dynamic bonds (dynamic chemical and physical bonds) must
be introduced into the polymer network.30−34 The incorpo-
ration of dynamic bonds provides the elastomers with self-
healing capability, which could be induced via the reversible
breaking and reformation of these bonds. As compared, the
reversible chemical bonds such as disulfide,35−37 imine,38−41

and boronic ester bonds,9,41−43 which combine the merits of
both normal chemical and dynamical physical bonds, are
particularly promising for the fabrication of self-healing
elastomers due to their strong, stable yet dynamic nature.
The covalently cross-linked elastomers exhibit excellent
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mechanical properties deriving from the high strength bonds.44

However, these elastomers are generally fabricated by
employing small reversible molecules as cross-linkages,43,45,46

and the high density of cross-linkers makes the materials
stiffer,47 which may lead to uncomfortable human−machine
experiences.48,49 Meanwhile, the elevated temperature is
usually required for fulfilling self-healing due to reduced
chain mobility.50,51 In addition, these densely cross-linked
elastomers usually exhibit lower stretchability, and significant
hysteresis is often observed due to the rupturing and
rearrangement of dynamic bonds under large deformation.52

These intrinsic features of conventional self-healing elastomers
cannot well meet the requirements of softness, high
stretchability, easy control self-healing processes, and fatigue
resistance for flexible wearable sensors. In general, it is still a
huge challenge to fabricate high-performance elastomers
simultaneously possessing the combined good properties
mentioned above.53−55

To acquire the elastomers with the above-mentioned good
properties, the density of cross-linkers must be lowered. For
conventional elastomers, this requirement is impossible to
meet without the sacrifice of self-healing efficiency. Herein, we
developed a novel, simple yet efficient approach to fabricate
high-performance elastomers, which feature special long
polymer chains containing multi-dynamic motifs as cross-
links, as depicted in Figure 1. As compared, the flexible long-
chain structure of the macromolecular cross-linkers could
significantly improve the motion of polymer chains in the
network. In addition, the transesterification reaction between
boronic ester bonds on the macromolecular cross-linkers will
also help to increase the polymer chain mobility. Therefore,
the formed elastomers display a combination of desirable
features such as high stretchability, outstanding elastic

recovery, and satisfactory self-healing efficiency. Moreover,
the longer macromolecular cross-linkers containing PEG
segments will be helpful to increase the ionic conductivity of
the resulting materials. With such advantages, the as-prepared
elastomers might be the ideal materials for flexible devices, and
the wearable sensors were further fabricated to verify their
application.

2. EXPERIMENTAL SECTION
2.1. Materials. n-butylacrylate (97.0%) and poly(ethylene glycol)

diacrylate (Mn = 600) were obtained from Aladdin Regent Co., Ltd.
1-thioglycerol (99.0%) was purchased from Macklin Biochemical Co.,
Ltd. Anhydrous magnesium sulfate (99.0%) was obtained from
Sinopharm Chemical Reagent Co., Ltd. 1,4-Phenylenediboronic acid
(99.0%) was obtained from Bide Pharmatech Ltd. Ttrahydrofuran
(THF) (98.0%) and triethylamine were purchased from Adamas.
Triethylamine and THF were dried over a solvent drying system. The
deuterated solvents for NMR analysis were obtained from Cambridge
Isotope Laboratories, Inc. All other reagents were used as received
without further purification. All tests were performed at room
temperature unless otherwise specified.

2.2. Synthesis of 2,2′-(1,4-Phenylene)-bis[4-mercaptan-
1,3,2-dioxaborolane]. The preliminary cross-linker, a dithiol-
containing boronic ester, was synthesized from the complexation
between benzene-1,4-diboronic acid and 1-thioglycerol. In brief,
benzene-1,4-diboronic acid (4.01 g, 24.10 mmol) and 1-thioglycerol
(6.52 g, 60.25 mmol) were added to a round-bottom flask containing
100 mL of THF and stirred at room temperature for 1 h until
complete dissolution of all compounds. And then, MgSO4 (7.51 g)
was added into the flask. After stirring at room temperature for 24 h,
the solution was filtered and concentrated under reduced pressure.
Then, the obtained solid was purified by washing five times with 250
mL of heptane. Finally, the purified dithiol dioxaborolane (BDB) as a
white solid was dried in a vacuum oven at 40 °C (yield: 8.0 g, 91%).

2.3. Synthesis of PEG−BDB Long Functional Cross-Linkers.
The preliminary cross-linker BDB (2.95 g, 9.50 mmol), poly(ethylene

Figure 1. Schematic illustration of the synthetic route and dynamic interactions involved in the network construction of the PBA/PEG−BDB ionic
conductive elastomers.
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glycol) diacrylate (Mn = 600) (6.00 g, 0.01 mol), and triethylamine
(0.10 g) were added into a round-bottom flask containing 10 mL of
THF and stirred at room temperature for 24 h under a nitrogen
atmosphere. Then, the mixture was filtered and concentrated under
reduced pressure. The crude product PEG−BDB was further purified
by adding dropwise to the cold diethyl ether at 0 °C under stirring.
The mixture was then left to stir for 30 min. By centrifugation, the
targeted long functional cross-linker was finally obtained as a
yellowish viscous liquid and stored at 3 °C in the nitrogen atmosphere
(yield: 8.6 g, 96%).
Two long cross-linkers with different polymer chain lengths were

prepared by varying the molar ratio of monomers PEGDA to BDB.
They are denoted as PEG−BDB-(1:1) and PEG−BDB-(2:1),
respectively, in which 1:1 and 2:1 stand for the molar ratio of
PEGDA to BDB. (PEG−BDB-(1:1): Mn = 5120 kg/mol, PDI = 1.33;
PEG−BDB-(2:1): Mn = 1680 kg/mol, PDI = 1.28).

2.4. Preparation of PBA/PEG−BDB Ionic Conductive
Elastomers. Elastomers were prepared by copolymerization of n-
butylacrylate (BA) and the PEG−BDB monomer with different feed
ratios in the presence of lithium salts, which are abbreviated as PBA/x
%-PEG−BDB, where x % refers to the content of the PEG−BDB
macromolecular cross-linker in the mixture of PEG−BDB and n-BA.
As an example, the elastomer PBA/PEG−BDB-5% (BA/PEG−BDB
monomer = 19:1) was synthesized as follows: the PEG−BDB
monomer (0.05 g) was first uniformly dispersed in the n-butylacrylate
(0.95 g), and then the bis(trifluoromethane) sulfonimide lithium salts
(LiTFSI) (0.40 g) were added into the mixture. After all compounds
were dissolved completely, the initiator (BAPO) (0.01 mg) was
added. After removing oxygen via purging nitrogen for 30 min, the
mixture was uniformly poured into a polytetrafluoroethylene mold.
The elastomers were obtained by photo-initiating polymerization in
an ultraviolet box for 1 h. All prepared ionic conductive elastomers
had a thickness of around 1 mm.

2.5. Characterizations. The 1H NMR spectra of BDB and PEG−
BDB were recorded on an Avance III 600MHz NMR spectrometer
using CDCl3 as the solvent. The rheological behaviors of the P(BA/
PEG−BDB) samples were measured using a HAAKE MARS
rheometer using a 25 mm parallel plate geometry and investigated
at an angular frequency (ω) ranging from 1 to 100 rad s−1 at a fixed
oscillatory strain of 1%. The temperature-dependent rheological
behaviors were measured from 5 to 100 °C at a heating−cooling rate

of 10 °C min−1 at an angular frequency and a fixed oscillatory strain of
10 rad s−1 and 1%, respectively. The dynamic mechanical behaviors of
the PBA/PEG−BDB samples at different temperatures were
measured at an angular frequency ranging from 1 to 100 rad s−1 at
a fixed oscillatory strain of 1%. The apparent activation energy (Ea)
for the flow of PBA/PEG−BDB samples was estimated by using the
Arrhenius equation, α = A eEa/RT, where α is the shift factor, A is a
constant, and R is the ideal gas constant. The alternate step-strain
sweeps of the PBA/PEG−BDB samples were performed by
alternating 1 and 200% shear strains four times at a fixed frequency
of 10 rad s−1. The tensile tests of the PBA/PEG−BDB samples (10 ×
5 × 2 mm) were performed on a universal testing machine (SANS,
Shenzhen, China) and recorded at a tensile rate of 20 mm min−1. All
the tensile measurements were tested at room temperature, and the
samples were placed in a humidity chamber (30 °C, RH: 80%) for 12
h before the tests. For qualitatively demonstrating the self-healing
performance, the PBA/PEG−BDB samples were cut into two pieces
and made to come into contact with each other with a tiny force for
30 min. The optical microscopy images and movies of the fractured
and healed PBA/PEG−BDB samples were evaluated using an optical
microscope at 25 °C (BX-51, Olympus). The thermal gravimetric
analysis (TGA) was performed on a TG 209 F1 from room
temperature to 600 °C in the N2 atmosphere with a heating rate of 10
°C min−1.

2.6. Measurements of the PBA/PEG−BDB Resistance
Sensors. The resistive-type strain sensing device was assembled
with two copper foil current collectors sandwiched with a PBA/PEG−
BDB sample (5 × 1 × 1 mm), and the copper foil current collectors
were used for connecting the testing wires. The PBA/PEG−BDB-
resistive strain sensor was sealed in VHB tape (3M 4905). The
resistance from the strain sensor was measured on a Keithley 2616
System source meter at a voltage of 3 V. The sensors were adhered to
the finger, knee, and elbow of a puppet to instantaneously detect
diagnosis for simulating complex human motions. The elastomers
were covered with an insulating film, and then “D”, “H”, and “U” were
written on the insulating film with a pen.

3. RESULTS AND DISCUSSION
The intrinsic mechanical properties of elastomers rely on the
architectural design of the elastomer networks. The underlying
design incorporates well-defined longer cross-linkers that could

Figure 2. (a) Digital photographs of the PBA/PEG−BDB-5% elastomers before and upon stretching. (b) Stress−strain curves and (c) maximum
elongation, toughness, and tensile strength of the elastomers with different contents of PEG−BDB cross-linkers. (d) Stress−strain curves of the
PBA/PEG−BDB-5% elastomers at different tensile speeds. (e) Frequency dependencies of G′ and G″ of the elastomers. (f) Strain sweep
measurements of the elastomer from 0.1 to 500%.
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significantly reduce the cross-linking density and enhance the
mobility of the polymer chains. To this end, we designed a
loosely cross-linked elastomer using long polymer chains
(PEG−BDB) consisting of multi-dynamic boronic esters as
cross-linkers. The boronic ester group is known to be a
reversible chemical bond, which can be broken and reformed
under ambient conditions. It is anticipated that the elaborately
designed architecture could bring some interesting properties
to the resultant elastomers.
According to the reaction synthesis route shown in Figure 1,

the long functional cross-linkers (PEG−BDB) containing
multi-dynamic boronic ester bonds in the backbone were
obtained. The chemical structures of PEGDA, BDB, and
PEG−BDB were verified by the 1H NMR technique. As shown
in Figure S1b, the signals corresponding to 1-thioglycerol and
1,4-phenylenediboronic acid moieties can be seen clearly, and
the integral area ratios of these signals were consistent with the
theoretical value, indicating the successful synthesis of BDB.
Figure S1c shows the 1H NMR spectrum of PEG−BDB, which
reveals the existence of characteristic signals belonging to
PEGDA and BDB segments. Meanwhile, compared with
Figure S1a, the characteristic signal assigned to the terminal
vinyl groups of PEG−BDB can be seen clearly, which could
chemically bond into polymer chains during the polymer-
ization process. In order to explore the influence of the cross-
linker length on the mechanical properties of elastomers, two
cross-linkers with different lengths were prepared by
controlling the molar ratio of PEGDA to BDB. The obtained
two long cross-linkers were characterized by GPC, and both of
their traces displayed a monomodal peak and obviously shifted
toward the higher molecular region as compared with the
monomers BDB and PEG, indicating the successful fabrication
of the macromolecular cross-linker, as shown in Figure S2.
Considering the increased chain mobility endowed by the

macromolecular cross-linkers (PEG−BDB) in the network, the
as-prepared conductive elastomers were expected to exhibit
good mechanical properties. Accordingly, Figure 2a provides
direct insights that the as-prepared elastomers exhibit great

stretchability (elongation of about 1800%) because of the
lower cross-linking density structure, much higher than that of
the reported BA-based elastomers with small molecular cross-
linkers. A series of tests have been performed to systematically
investigate the mechanical properties of the as-prepared
elastomers. Figure 2b shows the tensile curves of the
elastomers with different cross-linker contents. It was obviously
observed that the cross-linker content significantly affects the
tensile properties of the elastomers. The fracture stress
increases from 160 to 349 kPa as the cross-linker content
increases from 2.5 to 7.5%, whereas the break strain decreases
from 1950 to 950%. Meanwhile, all the samples possess a
relatively low elastic modulus, which is attributed to the high
flexibility of PBA chains and the reduced cross-linking degree.
Therefore, the tensile properties of the elastomers can be
controlled by tailoring the cross-linking density. Figure 2c
shows the maximum elongation, tensile strength, and tough-
ness of the elastomers with different contents of PEG−BDB.
The samples containing 5% PEG−BDB reach the highest
toughness; thus, they were selected as optimal samples for the
following measurements unless otherwise mentioned. The
effect of tensile speed on the mechanical properties of the as-
prepared elastomers was also investigated, as shown in Figure
2d. The fracture stress increases, while the break strain
decreases gradually as the tensile speed increases. It can be
attributed to the fact that when the elastomers are stretched at
a higher speed, the cross-linked network has no time for stress
dissipation, the molecular chains and segments are difficult to
stretch to the maximum length, and the external force required
to destroy the cross-linked network becomes larger.
The viscoelastic properties of the PBA/PEG−BDB

elastomers were further investigated via dynamic rheological
tests. The oscillation frequency sweeps were first conducted
under a small shear strain (1%), and it was observed that the
storage modulus (G′) always exceeds its loss modulus (G″)
over the entire sweep range and displays a dependence on the
angular frequency, implying the elastic nature of the as-
prepared elastomers (Figure 2e). The oscillatory amplitude

Figure 3. Stress−strain curves of PBA/PEG−BDB conductive elastomer films with (a) 2.5%, (b) 5.0%, and (c) 7.5% content of cross-linker
contents with different chain lengths. (d) Time dependence of the MSD of polymer chains at different lengths L of macromolecular cross-linkers.
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sweep tests were also performed, as shown in Figure 2f. It can
be seen that the G′ of the elastomers is much higher than the
G″ at a low shear strain (<100%), indicating the excellent
structural integrity of the elastomers. However, the G″
becomes higher than G′ at the relatively larger shear strain
(>100%), revealing the translation of the solid-like network
structure of the elastomers into the viscous fluid.
In order to investigate the effect of the PEG−BDB cross-

liner length on mechanical properties, the elastomers cross-
linked by two kinds of macromolecular cross-linkers with
different chain lengths were prepared via a similar polymer-
ization process. The tensile stress−strain curves are shown in
Figure 3a−c. It can be seen that, as long as the macromolecular
cross-linker content is the same, the strain at the break of the
elastomers with longer cross-linkers is always higher than that
of the shorter cross-linkers. However, the stress at the break of
the former is nearly the same as that of the latter. These results
further confirmed that the longer spacer in the cross-linked
network could improve the flexibility of PBA chains and reduce
the degree of cross-linking, thus resulting in the elastomers
with high stretchability. Furthermore, the effect of the cross-
linker length on mechanical properties could also be attributed
to the motion of polymer (PBA) chains. To address this issue,
we employed a coarse-gained mesoscopic simulation approach,
that is, dissipative particle dynamics (DPD) (see “S2.1
Dissipative Particle Dynamics” and “S2.2 Model and
Condition” in the Supporting Information) to study the
motion of polymer chains in the macromolecularly cross-linked
elastomers. The mobility of polymer chains was quantified by
the time dependence of their mean square displacement
(MSD) (see “S2.3 Mean Square Displacement” in the
Supporting Information), as presented in Figure 3d. It can
be seen that the MSD behaviors vary from the short-time linear
stage to the sublinear stage and to the long-time linear stage.56

The MSD curves in the short time almost overlap, indicating
the independence of short-time diffusion on the length L of
cross-linkers (identical to the results in Figure 3a−3c). As the
time scale increases, the effect of the cross-linker length (L)

becomes much more significant. Notably, the MSD curves shift
upward with increasing the length L of macromolecular cross-
linkers at a relatively longer time scale, implying that the
mobility of polymer chains is elevated as the cross-linkers
become longer because the longer distance between two
adjacent cross-linking junctions (i.e., longer spacers in the
cross-linked network) tends to less suppress the motion of
polymer chains. It can be concluded from Figure 3d that longer
functional cross-linkers make the spacer of the cross-linked
network larger, leading to the increase in the elongation at the
break with almost unchanged strength as shown in Figure 3a−
c.
To examine the energy dissipation mechanism of the PBA/

PEG−BDB elastomers, the cyclic stress−strain tests without
waiting time between two consecutive loadings were
performed with gradually increasing the strains. At different
strains ranging from 100 to 500%, elastomers display an
inconspicuous hysteresis loop in each cycle (Figure 4a),
indicating the excellent resilience of elastomers. The
elastomers could almost recover to the original state after
each stretching cycle, and the stress corresponding to each
deformation cycle is almost the same. The excellent resilience
can be attributed to the long-chain cross-linking agent (PEG−
BDB) providing long elongation and dynamic covalent bond
force in the cross-linked network. To characterize the cyclic
stability of the elastomers, 10 uninterrupted cyclic tensile tests
with strains of 100 and 500% without any rest time between
each cycle were further performed. It was proved that no
matter whether under a small strain (100%) or a large strain
(500%), the hysteretic loop of each cycle of conductive
elastomers basically coincides with the first cycle (Figure 4b,c).
As shown in Figure 4d, the dissipated energy and energy loss
coefficient (η) were obtained by calculating the area of 500%
cyclic hysteresis curves. It can be seen that the elastomers
display very low hysteresis and excellent resilience. Except for
the first cycle, each cycle remains relatively stable and has low
dissipated energy and η. The reason why the dissipated energy
and η of the first cycle are higher than that of the other cycles is

Figure 4. (a) Continuous loading−unloading tensile curves of the as-prepared elastomer at different strains. 10 loading−unloading tensile curves at
a strain of (b) 100 and (c) 500% without any resting time. (d) Dissipated energy and η at a strain of 500% during 10-cycle loading−unloading tests.
(e) Consecutive 10,000 cycles under 100% strain of conductive elastomers.
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that the cross-linked network is irreversibly damaged when the
elastomers are stretched for the first time, and the cross-linked
network cannot be fully restored to the initial state after
stretching recovery. Afterward, 10,000 continuous cyclic tensile
tests at a strain of 100% were performed (Figure 4e). The
tensile strength of the elastomers remains almost unchanged
during the whole procedure, which proves that the as-prepared
conductive elastomers have excellent cycle stability and
antifatigue behaviors. As shown in Figure S6, the PBA/
PEG−BDB samples have not dissipated the stress for a certain

period of time and still maintain a certain tension at 25 °C. As
a comparison, the relaxation time of the sample becomes
longer with increasing the PEG−BDB cross-linker content,
which further proves that the physical cross-linking as well as
the chemical cross-linking formed by the long-chain cross-
linker provide a more stable cross-linking network for the
elastomer. After 1 h, the stress of the samples is gradually
dissipated. This is because boronate bond exchange rearranges
the networks in PBA/PEG−BDB. As compared, except for the
mechanical strength, the properties of the elastomer with a

Figure 5. (a) TGA curves of the elastomers with different contents of macromolecular cross-linkers (PEG−BDB). (b) Stability testing of the
weight of conductive elastomers at different temperatures of 30, 50, and 100 °C. (c) Temperature dependence of G′ and G″ for the elastomers
from 10 to 140 °C. (d) Storage modulus G′ and loss modulus G″ of conductive elastomers at 5 °C (left), 5 to 100 °C (middle), and 100 °C (right)
with constant frequency.

Figure 6. (a−c) Time-dependent optical micrographs displaying the self-healing process of the elastomer PBA/PEG−BDB at room temperature.
(d) Tensile curves of the original and healed (healing for 1 and 24 h at 25 °C) elastomers. (e) Continuous step-strain sweep with an alternating
oscillatory of 1 and 200% at an angular frequency of 5 rad/s. (f) Dynamic strain-time sweep measurements of PBA/PEG−BDB conductive
elastomers.
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shorter polymer chain PEG−BDB (2:1) became obviously
worse, including elasticity, cycle stability, dissipated energy,
and the energy loss coefficient (η). This is because the higher
cross-linking density limits the mobility of the polymer chains
and causes the partial breakage of the bonds during the
stretching process (Figure S5).
The thermal stability and rheological behavior of the as-

prepared elastomers were also investigated. Figure 5a shows
the thermogravimetric curves of three PBA/PEG−BDB
elastomers differing in the cross-linking degree. It can be
observed that the PBA/PEG−BDB elastomers possess a high
decomposition temperature up to 300 °C in the N2
atmosphere, implying that the PBA/PEG−BDB elastomers
can possess good stability even under high temperatures.
Meanwhile, PBA/PEG−BDB elastomers exhibit excellent
stability over a wide range of temperatures under ambient
conditions, and the weight furthermore remains unchanged
even after being heated at 100 °C for 50 h (Figure 5b). The
temperature sweep measurements for the elastomers were
presented in Figure 5c, demonstrating that the G′ and G″
gradually decrease with the increase in temperature. The
elastomers retain solid-like behaviors, and no sol−gel transition
occurs because the storage modulus (G′) always remains
higher than the loss modulus (G″). As shown in Figure 5d, the
G′ and G″ of the elastomers remain stable without changing
during 300 s at a low temperature (5 °C) and rise up to 100 °C
at a constant rate. It can be seen that both G′ and G″ decrease
steadily and are instantly stable after the rise in temperature.
Given that the PEG−BDB macromolecular cross-linkers

have multi-dynamic boronic bonds in the backbone, the as-
prepared elastomers based on PEG−BDB could possess
superior self-healing capability, which could be automatically
healed after damage by external forces or breakage,
consequently prolonging their service life and improving the
safety performance. The time-dependent optical micrographs
in Figure 6a−c display the self-healing process of the PBA/

PEG−BDB elastomers at room temperature. The elastomers
were cut into two slices using a surgical blade, and then they
were placed together without extrusion to observe the self-
healing process (Figure 6a). It was found that the cracks
between two fractured samples gradually decreased after a
healing duration of 30 min (Figure 6b) and almost disappeared
after a longer time of 60 min (Figure 6c), indicating extremely
good self-healing performance. To further investigate the
healing efficiency of the PBA/PEG−BDB elastomers, the
tensile stress−strain tests of the healed elastomers were
performed. As shown in Figure 6d, the recovered fracture
strain and tensile strength of the healed elastomers achieve
71.7 and 45.0% of those before cutting after healing for 1 h. As
expected, a longer healing time (24 h) could result in the
higher recovered fracture strain and tensile strength of 96.0
and 61.5%, respectively, which shows the high healing
efficiency. As compared with the fracture strain at the break,
the healing efficiency of tensile strength is relatively lower,
which may be due to the irreversible fracture of some PBA
chains when the elastomers are cut off. The continuous step-
strain sweeps with alternate low-amplitude oscillatory (1%)
and high-amplitude oscillatory (100%) at 5% ω (angular
frequency) of the PBA/PEG−BDB elastomers are shown in
Figure 6e. Under the low-amplitude oscillatory (1%), the
storage modulus (G′) is higher than the loss modulus (G″). As
the high-amplitude oscillatory (100%) is applied to the PBA/
PEG−BDB elastomers, the G′ experiences a dramatic drop
that becomes lower than the G″. The G′ and G″ would be
rapidly recovered when the oscillatory strain returns to low-
amplitude oscillatory (1%), further confirming the high healing
efficiency. Moreover, the fast self-repairable behaviors of the
PBA/PEG−BDB elastomers could be further confirmed by the
dynamic strain-time sweep measurements, as illustrated in
Figure 6f. The G′ exceeds G″ in a broad strain range while
intersecting with each other as the shear strain increases to
about 100%, revealing the rupture of the elastic network. As

Figure 7. Relative resistance variations during (a) loading−unloading cycles and (b) with an instantaneous strain (insets show the response and
recovery time). (c) Self-healing ability of electrical signals of the conductive elastomers. (d) Cyclic resistance changes over the strain range of 50−
200% at the tensile speed of 50−200 mm min−1. (e) 500 compressive cycles at a strain of 100% (insets show the relative resistance of the first cycle
and the last cycle).
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the strain is recovered to 0.5%, the G′ and G″ instantly and
completely return to their original state, indicating that the
elastic network could be immediately self-healed.
These aforementioned results demonstrate that the as-

prepared elastomers with an elaborately designed cross-linker
PEG−BDB achieved a unique combination of properties
including softness, high stretchability, excellent resilience,
fatigue resistance, and good self-healing efficiency under
ambient conditions. These good properties displayed in the
PEG−BDB-based elastomer should be attributed to its unique
structure. Especially, few of the reported elastomers in the
literature could achieve these good properties simultaneously,
as shown in Table S1.9,57−63

With the intriguing properties of excellent mechanical
properties, good conductivity, high thermal stability, and self-
healing capability, the elastomers can be considered as ideal
electrodes for future flexible sensor applications. The fabricated
sensors could be sensitive to mechanical stimuli including
stretching and bending via electronic signals. The sensing
performance of the as-fabricated strain sensors was tested
under the stretching state. Figure 7a shows that the sensors
exhibit a reversible linear relationship between the relative
resistance changes versus the applied strains ranging from 0 to
100%, where the gauge factor (GF) value was calculated to be
0.48. As shown in Figure 7b, the response time of the
resistance sensors was investigated under 10% tensile strain,
and the response and recovery times were calculated to be 420
and 315 ms, respectively, indicating their fast responsive
ability. The real-time resistance measurements were further
employed to confirm the capability of the self-repairing
electrical recovery of conductive elastomers. As shown in
Figure 7c, the resistance increases sharply when the elastomers
are cut into two pieces; however, it recovers to 99% of the
original value in 2 s after the two pieces of elastomers are put
together for the self-healing process. Particularly, the sensing
performance of the sensors at a high strain (50, 100, 150, and
200%) is both stable and reliable, as shown in Figure 7d. To
further study the electrical signal stability and the antifatigue

performance of the as-fabricated sensors, 500 cyclic unin-
terrupted stress-recovery tests at 100% constant strain were
conducted. It can be seen from Figure 7e that the sensors
display stable and regular response signals. The ΔR/R0 is 46.95
and 46.83% for the first and last cycles, respectively, indicating
that the sensors have extremely stable electrical signals. As
compared with the reported ionic conductive elastomers, the
as-fabricated sensors exhibit excellent electrical signal stability,
which is of great significance to the long-term use of the
elastomer sensors.
In order to further study the electrical properties after

healing, the sensors after being healed for different times (first,
second, third, and fourth) were tested by the loading−
unloading process under 100% strain. As shown in Figure 8a,b,
the GF of the sensors with different healing times is almost the
same (first = 0.46, second = 0.42, third = 0.46, and fourth =
0.45) as compared with the original sample, and the loading−
unloading lines are well coincided. It was proved that the GF of
the sensors remained unchanged after being self-healed several
times. The relative resistance changes of the healed elastomers
were tested under the strain and stretching rates ranging from
50 to 200% (Figure 8c) and 50 to 200 mm min−1 (Figure 8d),
respectively. As shown in Figure 8c,d, the electrical properties
of the sensors based on the healed elastomers are nearly not
affected, which means they can still respond regularly to
mechanical changes like the original elastomers under the same
testing conditions. These results further demonstrated the
excellent self-healing ability of the as-prepared elastomers.
To address the practical applications of the conductive

elastomers as wearable sensors, a series of relative tests were
finally conducted. First, the as-prepared elastomers were
connected to the electrical circuits, and the light-emitting
diode (LED) bulb could be lighted, as shown in Figure S3. The
bulb would become dim during stretching and bright as the
external force was removed. This phenomenon indicates that
the elastomers possess good conductivity and are sensitive to
the variations in strain. Next, the sensors were directly attached
onto diverse joints (wrist, elbow, and finger) of the puppet to

Figure 8. (a) Resistance-strain curves and (b) GF of the original sensor and sensors with different healed times (from 1 to 4). Cycle resistance
changes of the original and healed (in 24 h at 25 °C) sensors over (c) the strain range of 50−200% at a tensile speed of 100 mm min−1 and (d) the
stretching rate range of 50 to 200 mm min−1 at a strain of 100%.
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simulate detecting a wide range of human real-time motions.
The apparent relative resistance variations of the elastomers
were observed when bending, and the generated electrical
signals are highly repeatable and stable, as shown in Figure 9a−
c. These desirable strain-dependent sensing properties also
allow the elastomer sensors to well recognize other human
activities like writing. As displayed in Figure 9d−f, when the
capital letters “D” (Figure 9d), “H” (Figure 9e), and “U”
(Figure 9f) were written directly with a pen on the sensors, the
electrical patterns corresponding to each letter were reprodu-
cible; meanwhile, the electrical signals could obviously be
distinguished from each other. Overall, the sensors based on
PBA/PEG−BDB elastomers have broad prospects in the
application fields of wearable flexible sensors for human
motion detection thanks to the advantages of excellent
mechanical properties, self-healing, and stable and sensitive
electrical signals.

4. CONCLUSIONS
In the present study, we developed novel, topologically
enhanced chemically cross-linked elastomers containing the
long functional polymer chain-bridged PBA. The PEG−BDB
polymer chains containing multi-dynamic boronic bonds were
primarily formed via thiol/acrylate Michael addition reactions
between PEGDA and BDB. As compared with the small
molecular agents, the PEG−BDB macromolecular cross-linkers
could significantly promote the mobility of polymer chains
locked in the cross-linked network. Owing to the optimized
cross-linked dimension, the PBA/PEG−BDB elastomers
exhibit high stretchability (1950%), low modulus (29 kPa),
and negligible hysteresis (η = 0.039). The relationship between
the mechanical properties and the macromolecular cross-linker
length was well discussed. Meanwhile, the excellent self-healing
ability and reproducible and stable electrical responses were
observed in a series of relative tests. When assembled into a
flexible sensor, it is capable of precisely detecting human
motions (such as wrist, elbow, and finger bending) and other

human activities (such as writing). This study reveals that ionic
conductive elastomers featuring long functional macromole-
cules as cross-linkers are potential candidates for the
preparation of high-performance flexible wearable sensors.
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