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sponsive self-healing PDMS-based
elastomers for stretchable strain sensors

Ruijie Zhu,ab Ling Ai, *bc Zhou Zhou,b Jie Gao,b Yuanlong Zhong,b Qi Zhangb

and Weijie Song *bcd

The modification of traditional self-healing elastomers is typically accompanied by a loss of both strength

and self-healing efficiency, limiting their long-term reliability. Developing multifunctional

polydimethylsiloxane (PDMS)-based systems capable of overcoming this trade-off is thus critical for

practical sensor applications. In this work, a photothermal-responsive self-healing PDMS elastomer

(PUSE) was designed by constructing an elastomeric network from PDMS and isophorone diisocyanate

(IPDI), with 4, 40-dithiobisdiphenylamine (APDS) and epoxy-functionalized 2, 4, 6, 8 -tetramethyl – 2, 4,

6, 8 – tetra [3 – (hydroxyphenylmethoxy) propyl] cyclotetrasiloxane (TEC) as chain extenders. The

synergistic effect of dynamic disulfide bonds and hydrogen bonds endowed the elastomer with

reversible self-healing ability, while rigid phenyl and siloxane rings enhanced mechanical robustness. The

optimized PUS3E elastomer exhibited a tensile strength of 4.2 MPa, a toughness of 9.85 MJ m−3, and

a resilience of 364.70%, Moreover, the self-healing efficiency reached 94.76% under UV irradiation within

24 h, surpassing 74.90% achieved at 70 °C, demonstrating the effectiveness of photo-thermal-assisted

healing. The elastomer also showed hydrophobicity (water contact angle >100°) and optical transparency

(T550nm = 87.5%). PUS3E was also utilized as the substrate for preparing resistive strain sensors that can

accurately detect signals from the natural movements of the human body, making them highly valuable

in the field of flexible sensors.
1 Introduction

With the rapid development of biomedical science and articial
intelligence, wearable electronic devices have attracted exten-
sive attention in the eld of sensors,1,2 so robots3,4 and exible
electronic devices.5,6 Unlike traditional rigid materials, exible
polymer elastomers possess unique characteristics and are of
great importance for the new generation sustainable electronics
typically including exibility, shape recongurability, and skin
compatibility, making them ideal substrates for constructing
wearable electronic devices. Elastomers derived from poly-
dimethylsiloxane (PDMS),7 polyurethane (PU),8 and hydrogels9

are widely explored as the main polymer network. Among these,
PDMS elastomers with exceptional exibility, biocompatibility,
processability, and thermal stability have shown great potential
in wearable electronic devices.10–12 However, devices inevitably
ring, Jiangxi University of Science and

a

d Devices, Ningbo Institute of Materials

cademy of Sciences, Ningbo, 315201,

nimte.ac.cn; weijiesong@nimte.ac.cn

s, Beijing, 100049, People's Republic of

f Photovoltaic Science and Engineering,

hina

281
suffer from mechanical deformation and damage caused by
repeated friction and bending/folding, giving rise to degraded
performance or even failure in multiple scenarios.13,14 An
effective strategy to enhance the mechanical durability of these
sensors is to design tough and self-healing elastomers that
endow the polymer structure with reversibility feature, stimu-
lating the materials with the mechanical stability and recycla-
bility to extend their service life and improve their reliability.15–17

Researchers have designed and prepared various self-healing
polysiloxane elastomers by introducing reversible dynamic
covalent bonds, such as disulde bonds,18–20 imine bonds,21–23

andmetal coordination bonds,24–26 as well as reversible dynamic
non-covalent interactions like hydrogen bonds,27–29 p–p stack-
ing,30,31 and van der Waals forces,32 most of which can be
stimulated by heat. For example, Kim et al.33 incorporated
reversible oxime–urethane bonds into an elastomer network
based on PDMS and isophorone diisocyanate (IPDI) to promote
self-healing via thermal response. This elastomer exhibited
a self-healing efficiency of 93.7% aer heating for 6 hours at 65 °
C, showing tensile strength of 1.2 MPa. Moreover,34 room
temperature-response PDMS elastomers composed of disulde
dithioesters (DPTA) and aluminum ions (Al3+) were designed,
demonstrating a self-healing efficiency up to 97% aer 48 hours
of reversible facture and reformation from disulde and metal
coordination bonds, with tensile strength of 1.4 MPa. Zhang
© 2026 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
et al.20 constructed a high tensile strength (6.44 MPa), high
toughness (37 MJ m−3), and excellent self-healing performance
(86% at 80 °C) supramolecular polydimethylsiloxane (PDMS)
elastomer network containing hydrazine groups and aromatic
disulde bonds. Liu et al.35 introduced p–p stacking and
multiple hydrogen bonds into polysiloxane elastomers, the
elastomer exhibited excellent mechanical properties with
a tensile strength of up to 7.46 MPa, and its self-healing effi-
ciency reached 96% at 110 °C. To further adjust the self-healing
ability and mechanical strength, researchers have proposed
a novel strategy involving optical-stimuli materials into the
thermal-response polymer networks to achieve synergistic
photothermal-assisted self-healing. Most of the as-reported
light-response elastomers were obtained by graing/
crosslinking photocurable molecules. For instance, derivatives
of azobenzene,36 CNTs,37 coumarin,38 anthracene,39 and epox-
ides40 have been introduced as photoresponsive components.
Peng et al.41 utilized azobenzene to induce cis–trans isomeriza-
tion under UV light, thereby constructing a light-responsive
polysiloxane elastomer. Aer UV light exposure, the self-
healing efficiency of the elastomer was increased to 95% aer
1.8 hours. Fan et al.42 incorporated carbon nanotubes (CNTs)
into a PDMS elastomer, achieving rapid self-healing through
photothermal conversion. The self-healing efficiency was close
to 100% within 40 seconds despite sacricing toughness.
Obviously, the incorporation of photo-response units above
leads to a mechanical degradation effect, the multiple covalent
crosslinked networks may weaken the original hydrogen
bonding, thereby generating conict between self-healing effi-
ciency and mechanical performance. Therefore, it is still a long-
term challenge to break the tradeoff aforementioned, and
construct various elastomers to achieve high strength and
toughness with self-healing capacity, favorable for the subse-
quent exible electronic devices.

For elastomeric systems based on silicone polymers, epoxy-
functionalized silicones can form a crosslinked network
through both ultraviolet (UV) and thermal curing methods.43

Zhao et al.44 synthesized an elastomer capable of self-healing at
room temperature (12 hours, 91%, the tensile strength is 0.5
MPa) using diglycidyl ether-terminated PDMS and diphenyl
disulde. However, silicone polymers functionalized with
epoxides, lactones and poly(organosiloxane) bearing cyclic
ether functionalities can also undergo cationic polymerization
under UV light exposure. In particular, epoxy-functionalized
organosilicon polymers can further improve mechanical prop-
erties and thermal stability. For example, Zhao et al. synthesized
a glycidyl epoxide-terminated polysiloxane, based on hydride-
terminated polysiloxane, using the Karstedt catalyst.45 In this
work, we selected 2,4,6,8-tetramethyl-2,4,6,8-tetrakis [3-(oxir-
anylmethoxy) propyl] cyclotetrasiloxane (TEC) with epoxy-
functionalized terminal groups as the light-response unit, in
combination with an intrinsic self-healing network to achieve
opto-thermal-response sensor with reliable dynamic sensing
performance. The main chain of the elastomer PUSE was con-
structed by using polydimethylsiloxane (PDMS) and isophorone
diisocyanate (IPDI), with 4,40-dithiodiphenylamine (APDS) and
2,4,6,8-tetramethyl-2,4,6,8-tetrakis [3-(oxiranylmethoxy)propyl]
© 2026 The Author(s). Published by the Royal Society of Chemistry
cyclotetrasiloxane (TEC) serving as chain extenders. Disulde
bonds and epoxy groups were introduced to enhance the self-
healing efficiency (the self-healing efficiency under UV light is
94.76%, which is superior to 74.90% at 70 °C), while benzene
rings and siloxane rings were incorporated to improve the
mechanical properties (the tensile strength was improved from
2.19 MPa to 4.20 MPa). By adjusting the composition, both the
mechanical properties and self-healing performance of the
PUSE elastomer were synergistically enhanced. To construct
a wearable stress–strain sensor based on PUSE, Ag nanowires
(AgNWs) were incorporated with the PUSE elastomer using
a transfer method. The PUSE/AgNWs composite elastomer lm
was successfully fabricated and applied for real-time moni-
toring of human motion, demonstrating promising develop-
ment prospects and application value in the eld of exible
wearable sensors.

2 Result and discussion
2.1. Molecular design and characterization of the elastomer

In order to obtain elastomeric materials that combine
mechanical strength and self-healing capabilities, the PUSE
polymer was synthesized via a two-step condensation reaction
(the synthetic routes are shown in Fig. S1). Fig. 1a illustrates the
molecular design of PUSE. Aminopropyl-terminated poly-
dimethylsiloxane (PDMS) and isophorone diisocyanate (IPDI)
were selected as the so and hard segments, respectively
extender. To construct a photo-thermal synergistic self-healing
elastomer network, 2, 4, 6, 8 – tetramethyl – 2, 4, 6, 8 – tetra-
kis [3 – (oxiranylmethoxy) propyl] cyclotetrasiloxane (TEC) with
dual crosslinkable function was introduced as a UV-responsive
molecule. The four-terminal epoxy groups on TEC can react
through epoxy ring-opening self-polymerization induced by
photoinitiator, along with hydrogen bonding between the
residue hydroxy group from ring-opening process and the main
chain. It is worth noting that the formation of dimensional
network from crosslinked tetrasiloxane units also presented as
hard segments due to the inner-molecular steric-hindrance
effect, enabling the target elastomer with intensied rough-
ness and controllable stress. Fig. 1b illustrates the bonding
generated between and within the molecular chains in the PUSE
elastomer network. The target PUSE elastomer composed of
multi-crosslinked chains contains a abundant of dynamic
sacrice bonds, including disulde bonds as dynamic revers-
ible covalent bonds, along with strong and weak hydrogen
bonds as dynamic reversible non-covalent bonds, endowing
target composites with promoted mechanical performance and
self-healing capabilities under the synergistic effect via both
thermal and light response segments.

Fig. 2a shows the FTIR spectra of IPDI, H2N-PDMS-NH2, TEC,
PU, and PUSE. The absorption peak at 3345 cm−1 corresponds
to the stretching vibration of the N–H bond was observed. The
absorption peak at 2247 cm−1 was attributed to the asymmetric
stretching vibration of the –NCO group. The attenuated
absorption peak of N–H bond revealed that the amino groups
from H2N-PDMS-NH2 successfully reacted with the isocyanate
groups in IPDI. The peak at 3500 cm−1 corresponds to the
RSC Adv., 2026, 16, 18270–18281 | 18271
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Fig. 1 (a) Molecular design of PUSE. (b) Bonds between and within the molecular chains in the PUSE elastomer network.
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stretching vibration of the O–H bond, which formed via the
ring-opening reaction of epoxy groups in TEC under UV light.
Compared to PU, the –OH groups in TEC can react with the
excess –NCO groups to form amide ester bonds, and the
Fig. 2 (a) The infrared spectra of IPDI, H2N-PDMS-NH2, TEC, PU, PUE, PU
elastomers DSC curve. (d) AFM image of the surface of elastomers (d1: P

18272 | RSC Adv., 2026, 16, 18270–18281
disappearance of the asymmetric stretching vibration peak of –
NCO in PUE proved the complete reaction of IPDI. The
absorption peak at 906 cm−1 was the characteristic peak for the
stretching vibration of the –C–O–C– bond. The disappearance of
SE. (b) PU, PUE, and PUSE elastomers TGA curve. (c) PU, PUE, and PUSE
U, d2: PUE, d3: PUSE).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Stress–strain curves of PU, PUE, PUS3E. (b) Tensile strength and Toughness of PU, PUE, PUS3E. (c) Cyclic loading-unloading tensile
curves of the PUS3E elastomer at increasing strain (10–210%). (d) The continuous cyclic tensile curves of the elastomer PUS3E at 100% strain for
five consecutive cycles. (e) Cyclic loading-unloading tensile testing of the PUS3E elastomer for 5 cycles at 100% strain. (f) Cyclic loading-
unloading tensile curve of the PUS3E elastomer after one cycle at 100% strain and relaxation for 10 minutes.
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this peak in PUE suggested the successful incorporation of TEC,
along with its epoxy groups fully crosslinked with the polymer
main chains. Additionally, new absorption peaks at 1631 cm−1

and 1569 cm−1 appeared in PUE, corresponding to the
stretching vibrations of C]O and CO–NH, further conrming
the presence of the urea structure in PUE. Fig. S2 also shows the
Raman response curves of PU, PUE, and PUSE in the range of
400 cm−1 to 500 cm−1. The Raman response peak of Si–O–Si at
492 cm−1 overlaped with the S–S peak, and since the Raman
response of Si–O–Si was stronger than that of S–S, the S–S peak
was covered.46 The spectra shown in Fig. S3 demonstrated that
the successful synthesis of the PUSE polymer.47,48 In the X-ray
photoelectron spectroscopy (XPS) of PUSE, the S 2p peak at
160 eV can be observed, conrming the successful incorpora-
tion of S–S bonds into PUSE49,50 (Fig. S4).

Thermal properties of elastomers were evaluated by TGA and
DSC, as displayed in Fig. 2b and c. The initial decomposition
temperature (Td: the thermal decomposition temperature with
a 5% mass loss) of the TEC-modied PUE elastomer is 303.66 °
C, which is higher than that of the unmodied PU (288.60 °C).
TEC contains both Si–O bonds and octagonal ring structures
endows PUE with good heat-resistance, strengthening the
rigidity of the network and restricting the movement of the
molecular chains. Therefore, the incorporation of TEC
improves the thermal stability of the elastomer. However, aer
the embedding of APDS, the Td of PUSE decreased to 300.48 °C,
slightly lower than that of PUE. On the one hand, the intro-
duction of aromatic ring structures in the PUSE system might
reduce the crosslink degree of the system due to large steric
hindrance from aromatic rings; for another, S–S bonds are less
stable than C–C and Si–O bonds and they tend to break at high
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature, which may negatively affect the thermal stability
of target PUSE. Despite the slight decrease in thermal stability
compared to PUE, the Td of PUSE is still above 300 °C, higher
than that of PU. Therefore, both PUSE and PUE exhibit excellent
thermal stability. Fig. 2c also shows the differential scanning
calorimetry (DSC) curves of PU, PUE, and PUSE elastomers. The
glass transition temperatures (Tg) of PU, PUE, and PUSE are
−117.2 °C, −117.5 °C, and −117.2 °C, respectively. Due to the
relatively large molecular weight of PDMS and the fact that TEC
and APDS are introduced only in small amounts, their inuence
on the mobility of the overall polymer chains is minimal. From
the AFM images (Fig. 2d), it can be observed that nomicrophase
separation occurs in PU and PUE. Aer the introduction of TEC,
the surface roughness of the elastomer decreased, possibly due
to the increased hydrogen bond density within the molecular
chains, which enhanced the crosslinking degree of the PUE
elastomer network and boosted the formation of a more
homogeneous matrix. The introduction of APDS as a rigid
segment was speculated to adjust the regularity of the elastomer
network. As shown in Fig. 2d, the dark areas represent the so
phase and the bright areas represent the hard phase, indicative
of the microphase separation structure of PUSE, thus leading to
an increase in roughness.
2.2. Mechanical properties of the elastomer

To analyze the mechanical properties of the elastomer, samples
were cut into a dumbbell shape with dimensions of 50 mm in
length, 4 mm in width, and 2 mm in thickness for tensile
testing, with a tensile speed of 10 mm min−1. First, the stress–
strain curves of PUE elastomers with different TEC contents
were investigated (Fig. S5a). The results showed that the tensile
RSC Adv., 2026, 16, 18270–18281 | 18273
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strength of the PUE elastomer increased from 2.19 MPa to
2.89 MPa when 1 wt% of TEC was graed, along with its elon-
gation at break improves from 326% to 361.6%, exhibiting
distinct improvement compared to PUmain chain (Fig. 3a). The
introduction of TEC in the main chain increased the cross-
linking degree by strong covalent bonds with urea groups on the
linear PU, allowing the cyclic structure of TEC to closely cross-
link with the linear structure of PU. However, the stretchability
of the material sacriced when excess TEC units were applied.
With the raised TEC content, excess TEC had not effectively
form hydrogen bonds with the linear main chain, and the large
steric hindrance of the cyclic TEC structure limited the move-
ment of the molecular chains, thereby both the tensile strength
and elongation at break of the PUE elastomer decreased. It is
supposed that the excess TEC units with four-terminal epoxy
groups could also react through epoxy ring-opening self-
polymerization under UV light exposure. The obtained PUE
elastomer endowed with a higher hydrogen bond density can
dissipate more energy from external stretching forces through
the breaking of hydrogen bonds compared to the initial PU,
thus exhibiting superior mechanical properties. Here, we
selected PUE with a TEC content of 1 wt% for further optimi-
zation and investigation. In the next step of modication, we
selected diphenyl disulde (APDS) as a rigid segment to incor-
porate into the PUE network above. Fig. S5b shows the stress–
strain curves of the PUSxE elastomers with different molar
amounts of APDS. The tensile strength of the elastomer
increased apparently, while the elongation at break decreased
aer the introduction of APDS. The PUS3E elastomer, with
0.3 mmol of APDS, exhibited superior overall mechanical
properties (Fig. 3a and b), with a tensile strength of 4.2 MPa,
toughness of 9.85 MJ m−3, and elongation at break of 346.8%.
The rigid phenyl rings and covalent disulde bonds in APDS
contributed to the enhancement of the tensile strength. Unfa-
vorably, the rigid segments hinder the migration of polymer
chains, thereby affecting the elongation at break of the elas-
tomer. Considering the comprehensive tensile strength and
toughness, we selected PUS3E for subsequent cyclic tensile
performance testing.

To evaluate the resilience and durability of the PUS3E elas-
tomer, the samples were cut into dumbbell-shaped specimens
with dimensions of 50 mm in length, 4 mm in width, and 2 mm
in thickness for cyclic loading-unloading tests under different
strains (10–210%) and constant strain (100%) at a stretching
speed of 10 mm min−1. Fig. 3c shows the continuous cyclic
tensile tests of PUS3E elastomer with gradual increasing strains
from 10% to 210%, with no interval between two consecutive
tensile cycles. The elastomer exhibits a relatively weak hyster-
esis phenomenon under a 50% smaller strain (Fig. S5c). It can
be observed that the overall curve shape remains consistent,
and the area of the hysteresis loop increases with the increasing
strain, indicating that energy dissipation of the elastomer
enhances during the stretching process. It is hypothesized that
the energy dissipation is attributed to the increasing break of
both weak and strong hydrogen bonds, exhibiting signicant
hysteresis and strain exibility behavior. Fig. S6 shows that
when PUS3E was stretched to twice its original length and le to
18274 | RSC Adv., 2026, 16, 18270–18281
rest for 30 seconds, it almost fully recovered to its original
length macroscopically, demonstrating that the elastomer can
recover signicantly in a short period of time aer deformation.
As shown in Fig. 3d, further cyclic loading-unloading test was
carried on PUS3E at 100% strain for ve consecutive cycles to
evaluate its resilience at 100% strain. PUS3E exhibits 50%
residual strain and shows signicant hysteresis in the rst cycle,
with a noticeable reduction in the area of the hysteresis loop in
cycles 2 to 5. This behavior may be due to the incomplete
recovery of cracked dynamic bonds in the rst cycle. Aer being
relaxed at room temperature for ve minutes, the elastomer
regained some of its elasticity, as shown in Fig. S5d. Aer 10
minutes of relaxation at room temperature. The loading-
unloading curve overlaps with the rst cycle curve, and the
PUS3E elastomer recovers to its initial state (Fig. 3e and f),
elucidating that the reversible dissociation/recombination of
dynamic bonds endow PUS3E with fast healing property as well
as signicant resilience. The excellent resilience can be attrib-
uted to several factors: rst, energy dissipation occurs due to the
entanglement of polymer chains during the stretching process;
second, the reversible dissociation/recombination of hydrogen
bonds during deformation; and third, covalent cross-linking
ensures structure stability. The broken hydrogen bonds can
rebind upon stress release, while the exible chain segments
gradually return to their original state under chain migration,
thereby imparting excellent resilience and fatigue resistance to
the material.51
2.3. Self-healing performance, hydrophobicity, and optical
transmittance of the elastomer

The self-healing performance of PUS3E primarily originated
from reversible interaction of dynamic non-covalent hydrogen
bonds consisted in both inner- and inter-molecular chains and
dynamic covalent disulde exchange (as illustrated in Fig. 4a).
In addition to thermal-driven self-healing bonds, UV light-
triggered autonomous self-healing fragments TEC had been
incorporated, which were expected to confer self-healing capa-
bility under UV-light exposure and accelerate the rearrange-
ment of the dynamic interactions. A scratch with a width of
approximately 0.2–0.4 mm was introduced on the surface of the
elastomer by using a utility knife, the optical microscope images
of the surface scratch self-healing behavior of elastomer lms
(PU, PUE, and PUS3E) under UV light exposure for different
times were presented in Fig. 4b. In contrast with PU, PUE and
PUS3E exhibited superior self-healing performance mainly due
to the incorporation of the UV-responsive molecule TEC. Aer
50 minutes of UV light exposure, the surface scratches on PUE
and PUS3E lms almost disppeared. To further evaluate the self-
healing performance of the PUE and PUS3E elastomers, the
samples were cut in half using a utility knife and then rejoined
under two conditions (70 °C and UV irradiation for 24 h). Fig. 4c
and S7 shows the tensile strength self-healing efficiency of PUE
and PUS3E aer 24 h under different conditions. For PUE, the
self-healing efficiency under UV irradiation reached 96.89%,
which was higher than that efficiency of 93.42% obtained at 70 °
C thermal-driven healing for 24 h. Identically for PUS3E, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic illustration of the self-healing mechanism of disulfide bond-containing elastomer. (b) Microscopic images of scratch self-
healing in elastomer under UV irradiation for different times. (c) Self-healing efficiency of tensile strength in elastomer after 24 h under different
conditions (UV, 70 °C). (d) Water contact angle on the surface of the elastomer. (e) Macroscopic images of the elastomer and its optical
transmittance.
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efficiency aer 24 h of UV irradiation increased from 75.66%
(70 °C, 24 h) to 94.76%. According to the results above, it can be
concluded that the photothermal self-healing effect assisted by
UV irradiation is superior to that of thermal-induced self-
healing alone. The mechanism by which this photothermal
synergy enhances self-healing performance can be explained as
follows: on the one hand, part of the photon energy from UV
irradiation is converted into heat, and the elevated temperature
facilitates the recombination of dynamic S–S exchanges and
reversible hydrogen-bond interactions within the molecular
chains, thereby enabling thermally driven self-healing of the
elastomer. On the other hand, the TEC units contain numerous
unopened epoxy groups that can undergo ring-opening reac-
tions under UV irradiation, generating additional hydrogen
bonds and connecting with the main chains. Moreover, UV
irradiation can promote the dynamic exchange of S–S bonds
within the molecular chains, thereby enabling UV-assisted self-
healing of the elastomer.52 It is necessary to point out that, the
frictional damage caused by mechanical motion on the surface
of elastomer lms is generally much smaller than the scratches
introduced in the scratch test above. Therefore, the required
self-healing time in real-world applications is expected to be
shorter than the self-healing time observed here in this work,
manifesting that the elastomer has great potential in achieving
rapid self-healing of scratches or damages in practical use. The
infrared thermal images of the elastomer PUSE under UV irra-
diation and in a 70 °C oven are shown in the Fig. S8. Under UV
© 2026 The Author(s). Published by the Royal Society of Chemistry
irradiation, the surface temperature of the elastomer increased,
reaching a maximum average temperature of 46.6 °C aer
60 min of irradiation. In contrast, the surface temperature of
the elastomer can reach a maximum of 68.4 °C under 70 °C
heating. Notably, the temperature rise induced by UV irradia-
tion is much lower than that in 70 °C oven. However, the self-
healing efficiency of the elastomer under UV irradiation is
higher than that observed under the 70 °C thermal condition.
This nding conrms that UV irradiation not only induces
photo-thermal heating but also promotes epoxy ring-opening
reactions, which assist the self-healing process. Together with
thermal activation, these effects establish a photo-thermal
synergistic self-healing system.

As shown in Fig. 4d and S9, the surfaces of the PUE and
PUS3E elastomers exhibit hydrophobicity. Upon incorporation
of TEC, the water contact angle of the elastomer surface
increased from 92° to above 103°. This can be attributed to the
presence of methyl groups in TEC, which increases the hydro-
phobic component in the main chain. Aer the introduction of
APDS, the water contact angle of the elastomer surface
decreases slightly but remains above 100°. Fig. 4e also presents
macroscopic photographs of the PUE and PUS3E elastomer. Due
to the presence of S–S bonds in PUS3E, the elastomer appears
light yellow compared to the colorless PUE, while still main-
taining good optical transparency, the transmittance at 550 nm
is 90.55%.
RSC Adv., 2026, 16, 18270–18281 | 18275
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2.4. Preparation and electrical properties of composite
conductive elastomer lms PUS3E/AgNWs

Owing to the favorable mechanical properties and self-healing
capabilities, PUS3E could be applied for making exible strain
sensors. Fig. S10 illustrates the preparation process of the
composite conductive elastomer PUS3E/AgNWs. AgNWs were
deposited onto glass substrate via wire bar coating method,
followed by drying at 160 °C. Subsequently, the PUS3E elas-
tomer precursor sol was uniformly drop-cast onto the surface of
AgNWs. Aer curing at room temperature for 30 min, the
composite was peeled off from the glass substrate to obtain the
target conductive elastomer lm. Fig. S11a shows the sheet
resistance of AgNWs lms with varying numbers of coating
layers. The sheet resistance of the AgNWs lm decreased with
increasing coating layers, thus AgNWs lms with ve coating
layers was chosen for the following experiments below, which
the sheet resistance was as low as 10 U sq−1. SEM images of the
PUS3E/AgNWs and PUE/AgNWs lms are presented in the
Fig. 5a. As observed, a large number of AgNWs are exposed on
the surface of the PUS3E/AgNWs lm, and the AgNWs overlap
with each other to form a continuous conductive network. In
contrast, on the surface of the PUE/AgNWs lm, a large portion
of AgNWs were encapsulated by the PUE precursor sol, pre-
venting the formation of an effective conductive network of the
PUE/AgNWs lm, giving rise to the rapid degradation of elec-
trical conductivity with the sheet resistance rises sharply from
10.8 U sq−1 to 121.4 U sq−1. By contrast, the sheet resistance of
Fig. 5 (a) SEM images of the surface of the elastomer/AgNWs composite
a3: PUE/AgNWs 50.0 K, a4: PUE/AgNWs 200.0 K). (b) Variation of sheet res
(c) Variation in sheet resistance of composite conductive films with diffe
images of the surface of the PUS3E/AgNWs composite conductive film be
cycles 2.0 K, d4: 4000 cycles 50.0 K). (e) Electrothermal characteristics
voltage before and after self-healing. (f) Transmittance of the PUS3E e
800 nm range.

18276 | RSC Adv., 2026, 16, 18270–18281
the AgNWs increased slightly from 11.2 U sq−1 to 11.6 U sq−1

aer combination with PUS3E, as displayed in Fig. S11b.
Fig. 5b presents the change in sheet resistance of AgNWs

lms with different initial resistances before and aer being
composited with PUS3E. The change in sheet resistance became
larger aer transferring with the higher original sheet resis-
tance of the AgNWs lm. Aer bending at a bending radius of
2 cm for 2000 cycles, lms with lower initial resistance also
exhibited smaller resistance changes (Fig. 5c). Specically,
PUS3E/AgNWs lm with an initial resistance (R0) of 11.9 U

increased by only 3.36% aer 2000 cycles bending, which was
ascribed to the more stable and durable conductive lms made
up with denser AgNWs network at the surface. In comparison,
PUS3E/AgNWs lm with an initial resistance of 62.2 U showed
9.16% of increase due to the looser nanowires distribution.
Satisfyingly, when the initial resistance of PUS3E/AgNWs lms
increased from 11.9 U to 62.2 U, the corresponding resistance
uctuated within 10% aer bending. Exhibiting favorable
mechanical stability and presenting great potential in strain–
stress sensors. SEM images (Fig. 5d) conrmed that the surface
AgNWs network showed no signicant cracks or damage aer
2000 bending cycles, in accordance with the minimal resistance
uctuation above. However, aer 4000 cycles, the AgNWs
network suffered notable mechanical degradation with partial
nanowire breakage and detachment occurring at the crease
regions, resulting in reduced electrical conductivity.

Fig. 5e illustrates the temperature variation of the PUS3E/
AgNWs lm under gradually increasing voltage. As shown in
conductive film (a1: PUS3E/AgNWs 50.0 K, a2: PUS3E/AgNWs 200.0 K,
istance before and after compositing AgNWswith the PUS3E elastomer.
rent sheet resistances before and after 2000 bending cycles. (d) SEM
fore and after bending (d1: 0 cycle 2.0 K, d2: 2000 cycles 2.0 K, d3: 4000
curve of the PUS3E/AgNWs composite conductive film under 0–3 V

lastomer film before and after compositing with AgNWs in the 400–

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the gure, when the voltage remains constant, the surface
temperature of the conductive lm stabilizes within 200 s,
forming a relatively steady thermal plateau, indicating that the
PUS3E/AgNWs lm possesses stable electrothermal character-
istics. When the voltage increases from 0 V to 3 V, the surface
temperature of the PUS3E/AgNWs lm rises from 26 °C to 36 °C.
This temperature range falls within the tolerance of human
skin, suggesting that the PUS3E/AgNWs lm is suitable for
stress–strain sensors in wearable electronics. Furthermore, the
overlap of the electrothermal characteristic curves of the PUS3E/
AgNWs lm before and aer self-healing indicates that the
resistance variation on the surface aer self-healing in the
damaged area is minimal, thus exerting little impact on its
electrothermal performance. The visible light transmittance of
PUS3E elastomer lm was 87.50% at 550 nm. Aer the incor-
poration of AgNWs, the transmittance of the elastomer
decreases to 60.42% (seen from Fig. 5f).

2.5. Stress–strain sensor based on PUS3E/AgNWs

According to the favourable mechanical and electrical stability
disscussed above, we constructed a simple stress–strain sensor
composed of PUS3E and AgNWs as exible support and
conductive llers, individually. Copper tape is attached onto the
surface of PUS3E/AgNWs lm and connected to the electro-
chemical workstation. The PUS3E/AgNWs wearable strain
sensor is capable of monitoring movements across various body
parts, such as nger joints, wrist joints, and knee joints during
exion. Fig. 6a illustrates the resistance variation curve associ-
ated with elbow exion. As the elbow bends, the PUS3E/AgNWs
strain sensor undergoes tensile deformation, resulting in an
instantaneous increase in resistance. When the arm returns to
a relaxed state, the electrical signal quickly recovers. Aer
multiple cycles, the relative change in resistance remains
consistent, indicating that the strain sensor possesses excellent
stability. In addition to detecting large-scale joint movements,
Fig. 6 (a) Elbow joint signal monitoring of PUS3E/AgNWs strain sensors
Finger joint signal monitoring of PUS3E/AgNWs strain sensors. (d) Knee j
process of a PUS3E/AgNW-Based strain sensor and illustration of the da
performance of tensile strength, stretchability, self-healing efficiency, he
previously reported self-healing polymers.

© 2026 The Author(s). Published by the Royal Society of Chemistry
the sensor can also capture subtle vibrations, such as those
generated by arterial pulse points. Fig. 6b (Fig. S12) presents the
resistance response corresponding to wrist pulse signals. By
counting the number of signal peaks, the pulse rate per minute
can be calculated, thereby enabling real-time health moni-
toring. This highlights the sensor's potential applications in the
medical eld. Flexion tests were also conducted on the nger
(Fig. 6c) and knee joint (Fig. 6d). Due to the small-scale of
humanmotion experienced by the sensor during nger bending
and wrist pulse compared to that of the elbow and knee joints,
the resulting resistance signal change is also small. Since the
movement pattern of the knee joint is similar to that of the
elbow, their resistance variation amplitudes are comparably
aligned. At varying exion frequencies, aside from differences
in vibration frequency, the resistance signal curves remain
nearly identical, demonstrating the capability of stable and
reliable monitoring of human joint motion. Furthermore, to
simulate mechanical damage that may occur in real-world
applications, scratches were intentionally introduced on the
surface of the PUS3E/AgNWs sensor (Fig. 6e). Aer self-healing,
repeated experiments involving elbow, nger, and knee exion
as well as pulse monitoring were performed. The electrical
signal curves before and aer healing exhibit high degrees of
overlap, conrming that the self-healing PUS3E/AgNWs strain
sensor shows great potential application in wearable electronic
devices. Fig. 6f presents properties comparison between the
elastomer developed in this work and previously reported
PDMS-based elastomers used in strain sensor applications.53–55

The PUS3E/AgNWs elastomer exhibits a pronounced advantage
in optical transparency while achieving a favorable balance
between tensile strength and self-healing efficiency. Besides, an
additional Table S1 was summarized, emphasizing on the
mechanical performance advantages of the elastomer in this
work.
. (b) Pulse beat signal monitoring of PUS3E/AgNWs strain sensors. (c)
oints signal monitoring of PUS3E/AgNWs strain sensors. (e) Fabrication
mage and self-healing behavior. (f) Comparison of elastomers in the
aling temperature, elastic recovery, and transparency of this work with

RSC Adv., 2026, 16, 18270–18281 | 18277
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3 Conclusion

In summary, a self-healing polydimethylsiloxane (PDMS) elas-
tomer, PUS3E, with excellent mechanical properties and pho-
tothermal responsiveness was designed and synthesized in this
study, and the structure–property relationships between its
molecular design, mechanical performance, and self-healing
behavior were systematically investigated. By incorporating
the planar cyclic structure of TEC and the aromatic structure of
APDS, the mechanical strength of the elastomer was signi-
cantly enhanced, achieving a tensile strength of up to 4.2 MPa.
The epoxy groups in TEC and the disulde bonds in APDS
imparted responsiveness to ultraviolet (UV) light, enabling
a self-healing process that is primarily thermally driven and
secondarily UV-assisted, with a healing efficiency of 94.76%
within 24 h. Furthermore, a PUS3E/AgNWs conductive elas-
tomer composite was successfully fabricated via a transfer-
printing method. The PUS3E/AgNWs composite exhibited
excellent mechanical stability and visible-light transmittance,
along with stable electrical signal responses to human motions
such as nger bending, wrist bending, knee bending, and pulse
detection. Overall, the light- and heat-responsive PUS3E elas-
tomer not only provides an effective strategy to balance
mechanical strength and self-healing capability but also shows
potential for applications in wearable electronic devices.
4 Experimental section
4.1. Materials

Amino-capped polydimethylsiloxane (PDMS, Mw: 3000) was
purchased from Shanghai Macklin Biochemical Co., Ltd; iso-
phorone diisocyanate (IPDI, 99%), 4, 40-dithiodianiline (DTSA,
98%) was bought from Anhui Senrise Technologies Co., Ltd; 2,
4, 6, 8 – tetramethyl – 2, 4, 6, 8 – tetrakis [3-(oxiranylmethoxy)
propyl] cyclotetrasiloxan (TEC, 97%) were provided from
Zhengzhou Alfa Chemical Co., Ltd; tetrahydrofuran (THF),
silver nanowires (AgNWs), and Dibutyltindilaurate were
purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd; all of the reagents can be used without purication.
4.2. Preparation of PUSE elastomer

A total of 2 mmol of H2N-PDMS-NH2 was dispersed in 20 mL of
THF. Subsequently, 4 mmol of IPDI was dissolved in 10 mL of
THF, and the resulting solution was added to the PDMS
dispersion. Under a nitrogen atmosphere, the diluted H2N–
PDMS–NH2 solution was transferred into a 100 mL two-neck
ask using a disposable syringe. The mixture was stirred at
room temperature for 10 min and then heated to 60 °C. The
diluted IPDI solution and 4, 40-dithiodiphenylamine (dissolved
in THF) were then slowly injected into the ask via syringe. The
reaction mixture was maintained at 60 °C with continuous
stirring for 24 h to yield the PDMS-PUS composite sol. Subse-
quently, TEC (1 wt% relative to the total mass of PDMS and
IPDI) was dissolved in 5 mL of THF and added dropwise to the
PUS sol together with dibutyltin dilaurate. The mixture was
further reacted at 60 °C under 365 nm UV irradiation for 6 h to
18278 | RSC Adv., 2026, 16, 18270–18281
obtain the PUSE sol. The PUSE sol was poured into a mold and
cured under UV light for 12 h, followed by additional curing in
a vacuum oven at 60 °C for 12 h to obtain the nal PUSE
elastomer.

4.3. Preparation of PUSE/AgNWs elastomer

First, AgNWs lms were fabricated on 4 × 7 cm glass substrates
via a roll-coating process, yielding a lm thickness of approxi-
mately 30 nm and a sheet resistance below 10 U sq−1. The sheet
resistance was regulated by adjusting the AgNWs dispersion
concentration, the roll-coating speed, and the number of
coating cycles. The coated AgNWs lms were then annealed in
an oven at 160 °C for 30 min to reduce the junction resistance.
Subsequently, the PUS3E precursor solution was drop-cast onto
the AgNWs lms and cured under irradiation from a 365 nm,
80 W UV lamp. Aer solvent evaporation, the cured lm was
peeled from the glass substrate to obtain the PUS3E/AgNWs
elastomer. Finally, copper tape was attached to both edges of
the composite elastomer to form simple electrodes for subse-
quent electrical testing.

4.4. Characterization

The 1HNMR spectrumwas recorded on a Bruker AVANCE III 400
MHz spectrometer. FTIR spectra were obtained using a Thermo
Fisher Nicolet 6700 instrument. X-ray photoelectron spectros-
copy (XPS) measurements were carried out on a Kratos AXIS
SUPRA system. Raman spectra were collected using a Renishaw
inVia Reex spectrometer. Thermogravimetric analysis (TGA)
was performed on a TG209F1 analyzer under an argon atmo-
sphere, and differential scanning calorimetry (DSC) measure-
ments were conducted using a DSC214 instrument. Optical
images were captured using a TD-TZG5X-KHT industrial digital
microscope at a magnication of 10×. Scanning electron
microscopy (SEM) images were recorded using a Kratos AXIS
SUPRA system.

The tensile properties were evaluated following the GB/T
528–2009 (China) standard using a universal testing machine
equipped with a 1 kN load cell. For electrothermal character-
ization, the PUSE/AgNW conductive elastomer was powered by
a DC voltage source. The surface temperature variation under
applied voltages ranging from 0.5 V to 3.0 V was monitored
using an infrared thermometer. An electrochemical workstation
was employed to monitor the electrical signal responses
induced by human motion.

Surface scratch experiments were conducted on elastomers
by applying scratches on the surface using a hobby knife. The
recovery of surface scratches was observed through an optical
microscope aer repairing under various conditions. The orig-
inal dumbbell-shaped samples were halved at the center, and
the separated samples were repaired under different condi-
tions: a 70 °C oven, and a 365 nm, 80 W UV lamp for 24 h.
Subsequently, their tensile strengths were tested using
a universal material testing machine, and the ratio of the
maximum stresses of the repaired samples to the initial
samples was used to calculate the self-healing efficiency of the
elastomers:
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Self-healing efficiency ¼ sm

s0

� 100% (1)

s0: the maximum stress of the initial sample, sm: the
maximum stress of the healed sample.

Toughness (W) is dened as the area surrounded by the
engineering stress (s)–strain (3) curves and is calculated by the
following equation:

W ¼
ð3¼3max

3¼0

s d3 (2)

PUS3E/AgNWs conductive elastomers were subjected to an
external voltage using a DC power supply. The surface temper-
ature change was then measured using an infrared thermom-
eter gun for voltages ranging from 0 V to 3 V.

Copper tape was applied to both ends of the PUS3E/AgNWs
conductive elastomers to form a simple strain transducer,
which was tightly tted to the nger joints, wrist joints, and
pulses, and an electrochemical workstation was used to test the
changes in the elastomer resistance during different motions.
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