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Abstract Flexible electronic devices based on reversible bonds for self-curing capabilities arouses extensive interest. However, most of the
composite conductive elastomers have the problems of poor mechanical properties and slow recovery of mechanical properties during multiple
stretching, which hinder their stability in continuous operation. In this study, hyperbranched-MWCNTs/hyperbranched-PDMS self-healable
conductive elastomers inspired by cephalopods were successfully developed. The prepared conductive elastomer exhibited good self-healing
ability (91%) at room temperature excited by multiple reversible interactions. The prepared elastomer showed outstanding mechanical
properties and anti-fatigue ability, so that it can cope with more arduous tasks. Moreover, the elastomer was sensitive to the change of stress
states and can be used as a stable strain sensor. Therefore, the self-repairing conductive elastomer has potential practicability in the fields of

human-computer interaction, motion monitoring, soft robot and so on.
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INTRODUCTION

With the rapid growth of industrial demand in motion
monitoring, human-computer interaction and other fields,
how to fabricate sensitive strain sensors through simple and
efficient strategies arouses widespread concern!! The
mechanical blending of conductive functional materials with
supramolecular system is undoubtedly an ideal low-cost
process. However, the devices inevitably suffer mechanical
damage in the process of continuous work.?! Structural damage
of sensors seriously reduce them performance and even cause
safety accidents in use.’! Therefore, devices with self-healing
properties emerge as the times require.

It is well known that intrinsic self-curing materials could
self-diagnose internal defects and repair damaged parts.[*3!
Reversible interactions (such as host-guest interaction,® hy-
drogen bond,”-91 metal-ligand bond,['%1" 7-7r stacking('?)
and dynamic covalent bonds (such as boron oxygen bond,['3!
D-A reaction,[' imine bond,['! hydrazide bond,['8! disulfide
bond!"”!) have been widely used in the design of reversible
crosslinking networks. The size of conductive nanomaterials is
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generally larger. Therefore, the incorporation of conductive
nanofillers into polymer systems improves the mechanical
properties of stretchable materials, but the self-healing effi-
ciency of the elastomer is reduced. To this day, it is still a chal-
lenge to develop conductive composites with good mecha-
nical properties and efficient self-curing ability without exter-
nal stimulation.l'8!

Many conductive nanomaterials (such as functionalized
carbon nanotubes,') MXenel29 and functionalized graph-
enel2') have active groups on their surfaces. Through a series
of chemical reactions, we could design the molecular struc-
ture of surfaces of nanomaterials. The dynamic bonds
between modified nanofillers and polymer segments lead
to the formation of ordered dispersed composites. In addi-
tion, the self-healing ability of conductive materials will also
be improved. We tried to combine hyperbranched strategy
with the modification of nanomaterials and polymer seg-
ments. Hyperbranched structures have softer branches,
similar to the feet of cephalopods (Scheme 1a). This kind of
structural design endowed the system with active external
functional groups, which made the reversible interaction
easier to form.

In this work, a self-healable MWCNTs-PDMS conductive
elastomer was prepared by using reversible interaction as the
medium to connect the external functions of hyperbranched
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structure. Due to the dynamic equilibrium of multiple rever-
sible bonds, conductive elastomer (PDMS@MWCNTs) had
good mechanical properties, excellent fatigue resistance and
efficient self-healing ability. Well-organized composites were
sensitive to the change of stress state and responded linearly
to deformation. Furthermore, PDMS@MWCNTs accurately
monitored human joint movement. Therefore, self-repairing
conductive elastomers based on hyperbranched structure
modification as a reliable and sensitive strain sensor have
great potential in behavior monitoring, human-machine in-
teraction and other fields.

RESULTS AND DISCUSSION

Structure Design and Characterization

The high-tech life style requires the manufacturing of strain
sensors to be convenient and low-cost. In order to meet these
requirements, we developed a sensitive and reliable strain
sensor through a simple preparation process (Scheme 1b).
However, the poor dispersion stability of nanomaterials in
polymer is the disadvantage of blending method. Fortunately,
the reversible bonds between the surface of nanomaterials and
polymer segments promote the uniform dispersion of fillers in
the matrix. Cephalopods have a number of soft feet that allow
them to move flexibly. Inspired by this, we used the ring-
opening polymerization (ROP) of sulfur-containing five
membered-rings to endow organosilicon segments and the
surface of modified-MWCNTs with high mobility outer carboxyl
groups, respectively. The dispersion of designed nanofillers in
the polymers was improved by the sacrificial metal-ligand bond
between carboxyl groups and metal ions in addition to the
interaction between carboxyl groups (Figs. S1 and S2 in the
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(a) Design hyperbranched structures inspired by cephalopods; (b) Production process of PDMS@MWCNTs.

electronic supplementary information, ESI).?Z Finally, the
conductive elastomers (PDMS@MWCNTs) with outstanding
performance were prepared.

The synthetic process of PDMS@Poly(TA) is shown in Fig. S3
(in ESI). In order to confirm that the chain segments of or-
ganosilicon with hyperbranched structure were successfully
synthesized, we characterized PDMS@Poly(TA) by FTIR spec-
troscopy (Fig. 1a). The stretching and bending vibration
bands of —NH— appear at 3450 and 1546 cm~', respectively.
At the same time, 1641 cm~' is the characteristic band of
C=0. The above evidences indicated that peptide bonds
were formed. Furthermore, the band of —OH appears in the
spectrum. This was the proof of the existence of hyper-
branched structure. The organosilicon supramolecular net-
work crosslinked by hydrogen bond lacked toughness. We in-
troduced zinc ions into the polymers and prepared PDMS@Zn
elastomers with dual cross-linking. The smooth and uniform
surface of the elastomer can be observed by scanning elec-
tron microscope (Fig. S4 in ESI). In addition, EDS element
maps confirmed that zinc ions were evenly distributed on the
surface of the material (Fig. S5 in ESI). The preparation pro-
cess of hyperbranched MWCNTs with multiple carboxyl ter-
minus is shown in Fig. S6 (in ESI). The characteristic bands of
—NH—, C=0, S—S and —OH appear in the FTIR spectrum of
MWCNTs@Poly(TA), which were signs of the success of de-
hydration and ROP (Fig. 1b). As shown in Fig. 1(c), the MW-
CNTs before and after modification were analyzed by thermo-
gravimetry. In the temperature range of 0-600 °C, MWCNTs
hardly decomposed. However, MWCNTs@Poly(TA) exhibited
obvious thermal instability. This can be attributed to the
thermal decomposition of S—S and terminal carboxyl groups
in hyperbranched structure. Meanwhile, the surface of modi-
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MWCNTs@Poly(TA); (d) XPS spectrum of MWCNTs@Poly(TA).

fied-MWCNTSs was rougher. Therefore, the Raman spectrum of
MWCNTs@Poly(TA) showed surface enhanced Raman scatter-
ing compared with that of MWCNTSs (Fig. S7 in ESI). We ob-
served the element distribution of MWCNTs@Poly(TA) by
EDS. As shown in Fig. S8 (in ESI), the appearance of S and O
elements on the surface of nanomaterials also proved the
success of hyperbranched modification. Moreover, the peaks
of O 1s and S 2p clearly appear in XPS spectrum of
MWCNTs@Poly(TA), which consolidated our previous conclu-
sion (Fig. 1d). In Fig. S9 (in ESI), the characteristic band of
disulfide bond of thionic acid in Raman spectrum disappears
after the ROP. This indicated that the ROP between sulfur-
containing five membered rings was carried out suc-
cessfully.[23!

Mechanical Properties

The process of using puts forward more and more stringent
requirements for the mechanical properties of strain
sensors.[?4~2% |n order to assess the mechanical performances of
materials, tensile tests were performed on specimens with
different MWCNTs@Poly(TA) content. PDMS elastomers with-
out nanomaterials (PDMS@Zn) exhibit good mechanical
properties (Fig. S10 and Table S3 in ESI). The tensile strength of
PDMS@1:6 is 0.87 MPa and the elongation at break is 572%. The
mechanical properties of the prepared elastomers were not
common in supramolecular elastic material based on reversible
interaction.”’~?") The supramolecular network composed of
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hydrogen bonds and metal-ligand bonds dissipated the energy
generated by external force effectively. Meanwhile, the
reversible interactions acted as sacrificial bonds to disperse the
concentrated stress.3%3" With the increase of zinc ion content,
the mechanical properties of the elastomers were raised and the
bond energy of metal-ligand bond was stronger. Therefore,
more metal-ligand bonds improved the mechanical properties
obviously.?? The stress-strain curves of PDMS@MWCNTs
composites are shown in Fig. 2(a). With the increase of
modified-MWCNTSs content, the tensile strength of the material
is also increased (Table S4 in ESI). This can be attributed to the
reinforcing effect of nanofillers on the mechanical properties of
elastomers. However, the stretchability of PDMS@MWCNTSs is
negatively correlated with the content of MWCNTs@Poly(TA),
which might be due to the fact that nanoscale filler hindered
the slipping of organosilicon segments. It is worth noting that
the tensile strength of PDMS@MWCNTs-10 is as high as 1.77
MPa, and the maximum strain is 348%. Such classy mechanical
properties rarely appeared in previous reports about self-
repairing flexible conductive materials, which also made
PDMS@MWCNTSs-10 meet the needs of most applications.?3-3%!
PDMS@MWCNTSs-14 had a tensile strength as high as 3.08 MPa.
Nevertheless, the elongation at break of the material was only
130%, which was difficult to cope with the special application
requirements. Therefore, we chose PDMS@MWCNTs-10 with
outstanding tensile strength and stretchability as the object of
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(@) Stress-strain curves of PDMS@MWCNTs with different nanofillers contents; (b) Cyclic stress-strain curves of

PDMS@MWCNTSs-10; (c) Frequency-dependent rheological tests of PDMS@MWCNTSs with different nanofiller contents at 25 °C;
(d) Temperature-dependent DMA tests of PDMS@MWCNTs with different nanofiller contents.

performances evaluation.

The mechanical properties of most of strain sensors fabri-
cated by simple process cannot be recovered immediately
when they are subjected to continuous deformation. This can
be attributed to the uneven dispersion of nanomaterials and
the hysteresis of reconstruction after dynamic bond fracture.
The fatigue resistance of the prepared conductive elastomer
was analyzed by cyclic tensile test. After the PDMS@MWCNTSs-
10 was stretched to 250% strain at the speed of 50 mm/min,
the sample was immediately pulled back to the original state
at the same speed. When the first load-unload process
was finished, the next cycle was started promptly. As shown
in Fig. 2(b), PDMS@MWCNTs-10 still maintains its original
mechanical properties after repeated cyclic stretching. The
excellent fatigue resistance of the sample depended on the
efficient reconstruction of the broken reversible bonds.[1040411
Meanwhile, the hysteresis loops indicated that the hydro-
gen bonds and metal-ligand bonds effectively dissipated
the energy brought by the external force in the tensile pro-
cess.[2242]

The frequency-dependent rheological test of PDMS@Zn at
room temperature is shown in Fig. S11 (in ESI). The storage
modulus (G') increases with the increase of zinc ion content.
For PDMS@MWCNTs, the G' was directly proportional to the
content of modified-MWCNTs (Fig. 2c). These were consistent

with the conclusion drawn from stress-strain curves. At the
same time, all the storage modulus are obviously higher than
the loss modulus. This indicated that both PDMS@Zn and
PDMS@MWCNTSs were elastic at room temperature. As shown
in Fig. S12 (in ESI), the G’ and n* of PDMS@MWCNTs-10 de-
crease with the increase of temperature, which was because
the flow capacity of polymer segments was positively correl-
ated with temperature. Simultaneously, the hydrogen bonds
in conductive elastomer dissociated with the increase of tem-
perature, which further promoted this phenomenon. In addi-
tion, temperature dependent DMA measurements were per-
formed on PDMS@Zn series elastomers, and the results verify
the conclusion of rheological tests (Fig. S13 in ESI). The glass
transition temperatures (T,) of PDMS@Zn with different zinc
ion contents are shown in Fig. S14 (in ESI). With the increase
of zinc ions, the T, was also raised. This was due to the raise of
metal-ligand bonds, which improved the crosslinking density
of supramolecular network. As shown in Fig. 2(d), the storage
modulus (E') of the conductive elastomer increases with more
MWCNTs@Poly(TA). We assumed that this was related to the
blocking effect of nanofillers on the flow of supramolecular
segments. Furthermore, the T, of PDMS@MWCNTs was pro-
portional to the content of modified-MWCNTs, which proved
this conjecture (Fig. S15 and Table S4 in ESI).
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Self-healing Properties

How to make nanocomposites achieve harmonious self-healing
ability similar to organisms is a hot topic at present.*
However, nanofillers hinder the fluidity of polymer segments,
which is contradictory to the self-healing performance.*44% We
observed the repair effect of damaged PDMS@MWCNTs-10
under different time periods at room temperature by
stereomicroscope. After 20 h of self-healing, the appearance of
the wound was almost invisible (Fig. 3a and Fig. S16 in ESI). In
addition, completely broken sample can still be bent and
stretched after repair (Fig. S17 in ESI). In order to quantify the
self-healing performance of conductive elastomer. Tensile tests
were performed on the samples before and after self-curing. As
shown in Fig. 3(b), the fully fractured elastomer after 20 h of
self-repairing exhibited similar mechanical properties as intact
sample. Meanwhile, the self-healing efficiency of PDMS@

Zhang, K. et al./ Chinese J. Polym. Sci. 2022, 40, 384-393

MWCNTSs-10 is positively correlated with the repair time, and the
maximum self-curing efficiency is 91% (Fig. 3c). It is a reliable
way to apply rheological analysis to the study of self-repairing
properties of flexible materials.*=%8 As shown in Fig. 3(d), the
PDMS@MWCNTSs-10 before and after self-healing were tested by
strain-dependent rheological measurements. The G' of the
repaired sample is almost the same as that of the original one.
When the oscillation strain switched regularly between 0.5%
and 300%, the G' and n" of the conductive elastomer also
sharply rose and suddenly declined (Fig. 3e). This was one of
the effective evidences that PDMS@MWCNTs had good self-
repairing ability. Furthermore, whether the repairable material
could carry out the disconnection-connection process con-
tinuously is particularly important. As shown in Figs. S18 and
S19 (in ESI), the mechanical properties of PDMS@MWCNTSs-10
are still restored to 77% after six successive repairs. Therefore,
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the conductive elastomers prepared by us can work steadily
over a long time.

The outstanding self-healing properties under room tem-
perature of PDMS@MWCNTs were attributed to the hyper-
branched structures of the surface of nanomaterials and
supramolecular segments, which endowed the composite
system with a lot of hydrogen bonds and metal-ligand bonds
(Fig. 4a). These reversible interactions efficiently reconstruc-
ted after fracture. In addition, the molecular structure of the
conductive elastomer was analyzed by temperature-depend-
ent FTIR spectroscopy. At 30 °C, the band of —OH appears
at 3446 cm-', and the characteristic band of C=0 is
1636 cm~" (Figs. 4b and 4c). When the temperature crept up
to 70 °C, the band position of C=0 does not change.
However, when the temperature rose from 30 °C to 70 °C,
the band position of —OH moves from 3446 cm~' to
3459 cm-'. This indicated that temperature affected the
disassociation and recombination of the hydrogen-bonding
interaction provided by —COOH.# Meanwhile, the rever-
sibility of hydrogen bonds could be achieved at room tem-
perature.[5051]
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PDMS@MWCNTs.

Sensor Performance Evaluation
Conductivity reflected the conductivity of materials. The
conductivities of PDMS@MWCNTs were shown in Fig. 5(a) and
Table S4 (in ESI). When the proportion of conductive nano-
materials increased, the conductivity of the composite
elastomers was also raised. Among them, the conductivity of
PDMS@MWCNTSs-10 is 2.96x1073 S/cm. Moreover, the resistance
changes of PDMS@MWCNTs during stretching to 250%
elongation are recorded (Fig. 5b), of which the response
resistance shows a linear change. This was due to the well-
organized nano-supramolecular composite system. When the
conductive elastomer was subjected to external force and
deformation, the polymer segments moved, which slowly
widened the distance between MWCNTs@Poly(TA).B4>2 At the
same time, the GF value of PDMS@MWCNTs-10 (0%—250%
strain) is 3.87. We compared PDMS@MWCNTs-10 with the
previously reported self-healable strain sensors, and found that
the comprehensive properties of the conductive elastomer we
prepared were more advantageous (Fig. 5¢).3453-68]

In order to further evaluate the ability of the conductive
elastomer as a wearable strain sensor to monitor human
motion, we fixed the PDMS@MWCNTs-10 on the joints of
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(@) Self-healing mechanism of conductive elastomers; (b, c) Temperature-dependent FTIR spectra of
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the volunteer and recorded the real-time /-t curve during
the joint movement through the electrochemical worksta-
tion. When the joint bent, the stress states of sample were
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changed, and the resistance altered. Subsequently, Ohm's
law (R=U/l) was used to calculate the real-time resistance
change. As shown in Figs. 6(a)-6(c), the AR/R, curves corres-
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ponding to continuous finger bending of 30°, 60° and 90°
were recorded, respectively. Based on the same test method,
the wrist and elbow bending motions were successfully moni-
tored (Figs. 6d and 6e). The results showed that PDMS@MW-
CNTs-10 could monitor human movement accurately and
stably.

CONCLUSIONS

Inspired by the flexible feet of cephalopods, MWCNTs@Poly(TA)
were linked with polymer segments through multiple reversible
interactions with hyperbranched structures. Through this novel
strategy, we fabricated well-organized conductive elastomers
with good mechanical properties. The tensile strength of
PDMS@MWCNTs with 10 wt% nanofiller was 1.77 MPa and the
maximum strain was 348%. With the help of the dynamic
reversibility of hydrogen bond and metal ligand bond, the
repair efficiency of elastomer at room temperature was 91%. In
addition, the GF value of PDMS@MWCNTs-10 (0—250% strain)
was 3.8673, and the elastomer accurately monitored human
movement. We believe that the self-healing PDMS@MWCNTSs
conductive elastomer based on hyperbranched structure
modification could meet the industrial requirements of strain
sensors applied in human-computer interaction, motion
monitoring and other fields by virtue of simple and low-cost
preparation process.
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