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ealing waterborne polyurethane
elastomers via hydrogen bonds and oxime–
carbamate design for wearable flexible strain
sensors†

Wei Zhang,‡b Mengqing Ren,‡a Ming Chena and Lili Wu *a

Self-healing waterborne polyurethane elastomers, as functional materials, have been widely applied in

flexible wearable devices. However, inevitable crack damage during use significantly limits their service

life. Achieving an optimal balance between mechanical strength and self-healing ability remains a major

challenge in the development of high-performance self-healing polyurethane materials. In this study,

a rigid-soft phase-separated structure with multilayered rigid and flexible supramolecular segments was

designed using isophorone isocyanate (IPDI), dimethylglyoxime (DMG), and 6-methyl-1,3,5-triazine-2,4-

diamine (AGM) as hard segments, and polytetramethylene ether glycol (PTMEG) as soft segments. AGM

establishes a multi-hydrogen bonding network with urethane groups, and DMG introduces dynamically

reversible oxime–carbamate bonds, enabling the PU elastomers to achieve a self-healing efficiency of

up to 95.5%. Benefiting from the gradient rigidity of the polyurethane, the strong hydrogen bond formed

by the urea–carbamate bond and the triazine ring, the elastomer exhibited excellent mechanical

properties, with a tensile strength of 33.04 MPa, an elongation at break of 954.79%, and a toughness of

90.66 MJ m−3. Moreover, when the composite conductor was used as an electronic skin, it possessed

good self-healing properties with electrical response properties.
1 Introduction

With the gradual electronic station of human society, exible
strain sensors play an important role in wearable electronic
devices,1,2 medical devices,3,4 electronic skins (e-skins)5,6 and so
robots.7–9 However, during use, sensors may be damaged by
physical damage such as friction, abrasion, or impact, leading to
a signicant reduction in their reliability, durability, and service
life, which triggers high economic losses.10 Ideal exible sensors
should have high elasticity to ensure recovery and repeatability,
high healing efficiency to repair damage, excellent sensitivity for
fast response, and reasonable durability for long-term use.11–15

The introduction of self-repair function in stretchable
conductive materials can effectively enhance the safety, reli-
ability and sustainability of electronic devices, which has become
a research hotspot.14,16–18 Waterborne emulsions (WPUs) are
widely used as substrates in exible electronic devices due to
their environmentally friendly production process, exible
structural design, and adjustable performance.19,20 Polymer
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elastomers are oen subjected to large dynamic loads in prac-
tical applications, so high strength, high toughness and good
elasticity are key to their usefulness. In addition, elastomers have
excellent self-healing capabilities, which is important for
extending service life and enabling reuse.

Self-healing strategies are classied into two categories,
exogenous and endogenous, according to the energy supply
method.21–23 Exogenous self-healing relies on doping the repair
medium, and although it can restore the damage, there are
limitations such as poor reproducibility, restricted repair area,
and possible degradation of polymer properties.24,25 Endoge-
nous self-healing methods, on the other hand, self-repair
through the introduction of dynamic reversible structures,
including dynamic covalent bonds (e.g., disulde, Diels–Alder,
imine, and borate ester bonds) and dynamic non-covalent
interactions (e.g., hydrogen bonds, metal–ligand bonds, and
host–guest interactions).26–28 These bonds can be dynamically
exchanged or dissociated/reorganised in response to external
stimuli (e.g. heat, light or catalysts) when the material is
damaged, conferring self-healing, reprocessing and recycling
capabilities.29–32 Introducing dynamic covalent bonds and non-
covalent interactions into the elastic matrix is an effective way to
achieve self-healing and recyclability, but such materials are
oen challenged with insufficient mechanical properties.33–35

Therefore, how to balance the mechanical strength and self-
RSC Adv., 2025, 15, 6231–6240 | 6231
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healing properties of PU remains a key challenge for the
application of self-healing PU materials in exible electronics.

Shi et al. prepared environmentally friendly WPU systems
containing multiple hydrogen and boron ester bonds in the
polymer backbone by introducing 2,6 diaminopyridine and
boric acid as a dynamic chain extender and reversible cross-
linking agent, respectively. The chain structure of polymers
was adjusted by controlling the DAP/BA ratio of the hard
segments, and the requirements of mechanical robustness and
self-healing efficiency can be effectively met.14 Zeng fabricated
self-healing waterborne polyurethane (DTe-WPU-Zn-x) with
double dynamic bonds and double crosslinked network by
introducing dynamic telluride (DiTe-DiOH), trimethylolpro-
pane, and zinc ions into waterborne polyurethane, and the
temperature sensors prepared from the obtained polyurethane
elastomers and LiTFSI were very sensitive to monitoring the
changes in ambient temperature.36 Li used borate and BN
coordination bonds as composite matrix to synthesise PU
elastomers with high mechanical and self-healing properties.
Highly conductive exible strain sensors were fabricated using
multi-walled carbon nanotubes (CNTs) and graphene nano-
sheets (GNSs) as llers.37 Song et al. designed a self-repairing
WPU elastomer by incorporating 20-deoxythymidine (20-dT)
and isophorone diamine (IPDA) into the polymer chain, which
when used as a exible conductive substrate can quickly restore
conductivity aer surface damage aer surface damage and
increase the lifetime of the material.38 However, currently,
WPUs synthesized with isophorone isocyanate (IPDI) as the
hard segment and polytetramethylene ether glycol (PTMEG) as
the so segment have excellent performance in self-healing in
exible electronic devices, but oen have difficulty in meeting
the requirements of mechanical strength. The introduction of
rigid llers, trifunctional cross-linkers or rigid small molecules
can improve the mechanical properties, but usually at the
expense of reducing the self-healing efficiency, it is difficult to
exibly and effectively balance the self-healing performance
and mechanical strength.39–41

In this paper, a so-rigid phase-separated material with
multilayered rigid and exible supramolecular structures was
designed using IPDI, dimethylglyoxime (DMG) and 6-methyl-
1,3,5-triazine-2,4-diamine (AGM) as the hard segments and
PTMEG as the so segments, and excellent mechanical and self-
healing properties were successfully achieved. The formation of
the so-rigid phase-separated structure promotes the free
movement of the exible PTMEG chain segments, which
endows the material with high elasticity and provides space for
the reorganisation of the molecular chains aer breakage, thus
enhancing the self-healing properties. The multiple hydrogen
bonds, high-temperature dissociable oxime–carbamate bonds,
and rigid triazine rings in the system then constitute a multi-
layered rigidity-regulating mechanism, which enables the
materials to maintain high strength at low temperatures and
enhance molecular mobility and self-healing ability at high
temperatures. The emulsion and elastomer properties were
characterised by infrared spectroscopy, particle size and zeta
potential, differential scanning calorimetry (DSC) and tensile
tests, and the ratio of DMG to AGM was adjusted to achieve
6232 | RSC Adv., 2025, 15, 6231–6240
a dynamic equilibrium, resulting in the preparation of a water-
borne polyurethane elastomer, DxAyWPU, which combines
good mechanical and self-healing properties. Subsequently, the
elastomer was used as a matrix, and CNTs were doped as
a conductive ller, to produce a self-repairable composite
conductor. Self-repairable composite conductor and further
explored its conductivity and electro-responsiveness.

2 Experimental section
2.1 Materials

Polytetramethylene ether glycol (PTMEG, Mn = 1000 g mol−1)
was provided by BASF Co., Ltd. Isophorone isocyanate (IPDI,
99%), dimethylglyoxime (DMG, AR), dibutyltin dilaurate
(DBTDL, 95%), 6-methyl-1,3,5-triazine-2,4-diamine (AGM,
98%), triethylamine (TEA) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. Dimethylolpropionic
acid (DMPA, 98%), acetone (AR) and ethanol absolute (AR) were
kindly supplied by Shanghai Bide Pharmatech Ltd (China).
Carbon nanotubes (CNT, 99%) was provided by Shenzhen
Suheng Technology Co., Ltd. Deionized water was self-made in
the laboratory.

2.2 Synthesis of self-healing polyurethane elastomers
(DxAyWPU)

The Scheme 1 illustrates the synthetic route for waterborne
polyurethane emulsions. DMG and AGM were used as dynamic
chain extenders to prepare self-healing waterborne poly-
urethane emulsions labeled DxAyWPU, where x and y denote the
molar ratios of DMG to AGM, and the specic compositions of
which are shown in Table S1.† The dehydrated PTMEG (30.0 g,
30 mmol) was placed in a glass ask equipped with N2. IPDI
(17.2 g, 77.4 mmol) and DMG (2.75 g, 23.7 mmol) were added at
70 °C. Dibutyltin dilaurate (DBTDL, 0.14 g) was added dropwise
when the system was cooled to 60 °C and kept at 80 °C for 3 h.
Next, dihydroxymethylpropionic acid (DMPA, 4.03 g) was added
to extend the chain for 3 h. Acetone can be added to reduce
viscosity. Then, triethylamine (TEA, 3.0 g) was neutralised
dropwise into the ask for 0.5 h at 30 °C to obtain polyurethane
prepolymer. Finally, it was emulsied with deionised water
dissolved in AGM for 1 h at 1500 rpm under vigorous stirring to
obtain DxAyWPU emulsion. The required amounts of emulsions
were cast into PTFE molds, le to dry at room temperature for 7
days. Testing was only conducted once the membrane reached
a constant weight.

2.3 Composite conductor and exible sensor preparation

CNT dissolved in acetone were mixed with DxAyWPU emulsion
and added to 30 mL of deionized water, which was homoge-
neously dispersed under high speed stirring (1000 rpm) for 1
hour. The dispersion was spread evenly on a PTFE mould and
dried at 80 °C for 6 h to obtain the composite conductor (Dx-
AyWPU-CNT).

The obtained composite conductor DxAyWPU-CNT (3 mm ×

1 mm × 0.3 mm) was tightly connected to the nger joints or
elbow joints of the volunteers by commercial medical tape to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic procedure of DxAyWPU.
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detect the movements of the nger and elbow joints, respec-
tively, and the output metal wires were connected to the two
ends of the composite conductor to obtain the desired exible
strain sensors.
2.4 Characterizations

The prepared DxAyWPU emulsion was diluted 10 times by
adding deionised water, and then the particle size and the zeta
potential of the DxAyWPU emulsion were tested by LS-909E laser
particle size analyser.

The chemical structure of the lms was probed with a Nico-
let ATR-FTIR spectrometer in the range of 600–4000 cm−1.
Thermogravimetric analysis (TGA) was carried out on
a STA449F3 integrated thermal analyser, and 3–5 mg of the
samples were heated from 25 °C to 600 °C under N2 atmosphere
with a ramp rate of 10 °C min−1.

Glass transition temperature (Tg) was obtained by using DSC-
Q2000 (TA meter) from −80 °C to 100 °C under N2 atmosphere
with a temperature increase rate of 10 °C min−1.

A WDW-L02 universal testing machine was used for
mechanical testing. The lms were made into dumbbell-shaped
specimens of 50 mm × 4 mm with a thickness of 0.5–0.1 mm.
© 2025 The Author(s). Published by the Royal Society of Chemistry
All the specimens were set at a tensile speed of 50 mm min−1

according to the standard of GB/T13022-91, and at least three
tests were carried out.

The dumbbell-shaped specimens were cut from the middle
with a sharp blade and were quickly spliced at room tempera-
ture, then repaired at 40 °C, 60 °C and 80 °C for 6 h or 12 h.

The mechanical properties before and aer repair were
tested, and the formula for calculating the healing efficiency (h)
was as follows, and the self-repairing of the specimens was
observed with an optical microscope at a constant temperature
heating at 80 °C.

A Tektronix DMM7510 digital multimeter was used to record
the resistance of the exible strain transducer in real time. The
square resistance of the composite conductor DxAyWPU-CNT
was tested using a four-probe resistivity tester FT-341 manu-
factured by Rico Instruments, taking three different positions
on the conductor, and the test results are averages.

3 Results and discussion
3.1 Properties of DxAyWPU emulsions

The particle size and long term stability are very important
characters for the application of DxAyWPU emulsions. The
RSC Adv., 2025, 15, 6231–6240 | 6233
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Fig. 1 (a) Particle size and distribution of DxAyWPU emulsions. (b) Zeta potential of DxAyWPU emulsions.
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particle size and appearance of DxAyWPU emulsions were
showed in Fig. 1(a) and S1.† It can be seen that transparent,
bluish and no precipitation appeared in all samples. And it is
found that the particle size of DxAyWPU emulsions were
enlarged with the addition of DMG and AGM and the poly-
dispersity become wider. When the mole ratio of DMG/AGM
increased from 10/0 to 0/10, the latex particle size of emul-
sions rose from 6.24 nm to 11.34 nm. This could be explained by
the multiple hydrogen bonding network resulting in increased
intermolecular forces. Zeta potential is another important index
to evaluate the stability of WPU emulsion. As shown in Fig. 1(b),
the zeta potential values of the emulsions prepared with
different molar ratios of DMG/AGM are about −38.6 to
−40.3 mV, which are in the range of stable emulsions. Gener-
ally, an absolute value of zeta potential higher than 25 mV
represents good dispersion of latex particles. The results show
that DxAyWPU emulsions have good stability.
3.2 Structural characterizations of DxAyWPU

The synthesis of the self-healing and tough DxAyWPU was
carried out through a two-step procedure in Scheme 1. The
chemical structure of DxAyWPU was conrmed via FT-IR anal-
ysis, as shown in Fig. 2(a). The peaks at 3320 cm−1 and
1525 cm−1 were attributed to the N–H stretching and bending
vibrations in urethanes, and the characteristic peak of isocya-
nate at 2270 cm−1 was not observed, suggesting a successful
synthesis of the polyurethane prepolymer. A weak ]N–O–
stretching vibration peak was observed at 925 cm−1, and the
peak strength became more and more obvious as the content of
DMG increased, indicating that the oxime was present in the
polyurethane backbone. The peaks at 2950 cm−1, 2853 cm−1

and 1050 cm−1 corresponded to the characteristic absorption
peaks of PTMG. The peaks at 807 cm−1, 1450 cm−1 and
1650 cm−1 were extra-planar and intra-planar bending vibra-
tions of the triazine ring. Notably, all samples showed the
characteristic peaks of the triazine ring except D10A0WPU,
which indicated that AGM was successfully introduced into the
6234 | RSC Adv., 2025, 15, 6231–6240
polyurethane backbone. In conclusion, FT-IR analysis showed
that DMG and AGM were successfully introduced into the
waterborne polyurethane system and DxAyWPU was
synthesised.

3.3 Thermal performance of DxAyWPU

TGA is the main method for evaluating the thermal stability and
decomposition behavior of materials. As shown in Fig. 2(b) and
(c), the weight loss of all samples was less than 3% under 200 °
C, which was attributed to the presence of traces of water in the
samples. In general, the thermal decomposition of poly-
urethanes consists of two main steps: the rst step of thermal
decomposition is related to the decomposition of oxime and
urea bonds from 200 to 370 °C. The second step occurs at 350–
410 °C and is mainly attributed to the decomposition of so
segment polyols. It can be seen that the initial decomposition
temperatures corresponding to 5% weight loss are 245 °C,
239 °C and 233 °C, respectively, decreasing sequentially with
increasing AGM content. The result was attributed to the
triazine ring and/or urea–carbamate bonds providing abundant
hydrogen bonding sites between the polymer chains to form
a dynamic crosslinked network, which improves the thermal
stability of the waterborne polyurethanes. The Tg of self-healing
elastomers was analyzed by DSC. As can be seen from the DSC
curves in Fig. 2(d), the Tg was about −50 °C, indicating good
mobility of the chain segments.

3.4 Mechanical properties

A series of elastomers with different characteristic mechanical
properties were synthesized by adjusting the molar ratios
between DMG and AGM (Table S1†). As shown in Fig. 3(a) and
(b), the D10A0WPU with containing only DMG has an elongation
at break of 1119%, but a tensile strength of only 11.65 MPa,
showing so and weak characteristics, mainly due to the lack of
sufficient physical or chemical cross-linking points or rigid
components. When the molar ratios of AGM increased, the
tensile strength and toughness of the elastomers increased
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) FTIR spectra of DxAyWPU elastomers. (b) TGA and (c) enlarged diagram of DxAyWPU elastomers. (d) DSC of D10A0WPU, D8A2WPU and
D6A4WPU.
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signicantly. Among them, the D8A2WPU showed excellent
mechanical properties, with tensile strength at 33.04 MPa,
toughness at 90.66 MJ m−3 and elongation at break at 954.79%.
The introduction of AGM and DMG gives polyurethane hard
segments multilevel stiffness. Moreover, the mechanical prop-
erties of PU elastomers are improved through the construction
of stable covalent crosslinking networks and the formation of
abundant multilevel hydrogen bonds.
3.5 Cyclic tensile tests

To evaluate the elastic recovery ability and to investigate the
effect of multiple hydrogen bonds and reversible oxime–carba-
mate bonds on elastomers, cyclic tensile tests with different
number of cycles and strains were carried out. DxAyWPU were
successively loaded-unloaded for one cycles at 400% strain
(Fig. 3(c) and (d)). All elastomers formed a hysteresis line during
stretching, and the area of the ring indicates the energy dissi-
pated per unit volume. With the introduction of AGM compo-
nent in the system, the residual strain was adjusted.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Specically, the residual strains of D8A2WPU and D6A4WPU
were reduced by 18.02% and 4.07%, respectively, compared to
D10A0WPU. The energy dissipation mechanism of the system is
initially caused by reversible hydrogen bonding. The formation
of multiple hydrogen bonds in the system with an appropriate
ratio of DMG/AGM resists large deformations at high strains
(400%) for a short period of time. It is noted that with continued
addition of the AGM component, the high content of hard
segments and the excessive density of hydrogen bonding
resulted in restricted movement of the chain segments.

Fig. 3(e) depicts cyclic tensile tests with progressively
increasing strain and no waiting time (100–600%). At low
strains, the hydrogen bond breaks rst as a sacricial bond and
recovers quickly as the external force was released, so the
residual strain remains low. However, under large strains, once
the reversible covalent bonds were broken, complete recovery
was impossible within a short time, resulting in large residual
strains. Nevertheless, D8A2WPU retains a better deformation
recovery ability with a residual strain of only 88.02% aer
RSC Adv., 2025, 15, 6231–6240 | 6235
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Fig. 3 (a) Stress–strain curves of DxAyWPU. (b) Tensile strength and toughness of DxAyWPU. (c) Hysteresis curves of DxAyWPU specimen at 400%
fixed strain with different loading-unloading times. (d) Residual strain and hysteresis energy of DxAyWPU. (e) Cyclic tensile curve of D8A2WPU at
100–600% strain.

6236 | RSC Adv., 2025, 15, 6231–6240 © 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 6
:4

5:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra09084e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 6
:4

5:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
several cycles of stretching. The results indicate that the cross-
linked networks at different levels in DxAyWPUs, consisting of
reversible hydrogen and oxime–carbamate bonds, can effec-
tively dissipate strain energy and exhibit good elastic recovery.
3.6 Self-healing properties and mechanisms

Scratch and tensile tests were conducted to evaluate the impact of
reversible hydrogen and oxime–carbamate bonds on the self-
repairing properties of DxAyWPUs. Representative D10A0WPU,
D8A2WPU and D6A4WPU elastomers were selected as examples,
and a crack was cut on the surface of the elastomers with a razor
blade and placed on a heating table at 80 °C for different times (0,
0.5 h, 1 h). The optical microscopic images of the cut elastomers
before and aer healing were compared, as shown in Fig. 4(a). The
scratches of D10A0WPU and D8A2WPU almost disappeared aer
1 h of thermal repair, whereas the scratch of D6A4WPU was still
relatively obvious, which was consistent with the self-repairing
efficiency described in the previous section. This was due to the
fact that the decrease of DMG/AGM ratio represented a sharp
increase in the rigid triazine ring and the hydrogen bonding
density, which was unfavourable for chain segment migration.

Subsequently, the dumbbell-shaped lm D8A2WPU was cut
in half, quickly gentle contact, and placed in an oven at 80 °C for
6 h for self-healing. The repaired specimen can be stretched to
four times its original length without cracking, and the healed
D8A2WPU elastomer specimen can withstand a 2.5 kg weight
(Fig. 4(b) and (c)). In summary, D8A2WPU exhibited satisfactory
mechanical properties aer self-healing.
Fig. 4 (a) Scratch healing of D10A0WPU, D8A2WPU and D6A4WPU at 80 °
and (c) loaded with 2.5 kg weights. Stress–strain curves of (d) D6A4WPU,

© 2025 The Author(s). Published by the Royal Society of Chemistry
In addition, we also evaluated the self-healing properties of
elastomers with different molar ratios of DMG/AGM prepared by
tensile testing (Fig. 4(d)–(f) and S2–S4†). This indicated that the
healing effect of DxAyWPUs had a signicant dependence on the
healing temperature, and the higher temperature could signi-
cantly improve the self-healing efficiency. Furthermore, the self-
healing efficiency of DxAyWPUs elastomers was compared
(Fig. 5(a)). The tensile strength and elongation at break of
D8A2WPU and D6A4WPU were 90.1%, 86.6% and 76.5%, 95.5%,
respectively, aer repairing for 24 h at 80 °C. A particular
comparison of tensile strength and healing efficiency were
provided in Fig. 5(b). In contrast to D10A0WPU with DMG only, the
introduction of AGM provided a hydrogen bonding network with
different crosslink density with dynamic covalent bonding (oxime–
carbamate bonding) synergistically promoting rapid self-healing
of the polyurethane. However, as the molar ratio of DMG/AGM
continues to decrease from 6/4, the rigidity of the triazine ring
and the high strength spatial site resistance restrict the molecular
chain movement, resulting in a relatively slow rate of dynamic
bond exchange and leading to reduced healing efficiency.

The excellent self-healing properties of DxAyWPU elastomers
are attributed to the synergistic effect of reversible oxime–
carbamate covalent bonds and multiple reversible hydrogen
bonds in its system (Fig. 5(c)). Employing IPDI, DMG and AGM
as hard segments and PTMEG as so segments, a so- and
hard-phase separation structure containing multilayered rigid
and exible supramolecular segments was designed. PTMEG is
used as a so segment because of its chain exibility, which is
conducive to the movement of polymer chains, and DMG
C for different time. D8A2WPU after 6 h healing at 80 °C (b) tensile test
(e) D8A2WPU, (f) D10A0WPU healed for 24 hours at 40 °C, 60 °C, 80 °C.
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Fig. 5 (a) Self-repair efficiency of DxAyWPU repaired at 80 °C for 24 h. (b) Comparison of tensile strength and healing efficiency for the
representative D8A2WPU films in this work and other self-healable polymers reported in literature. (c) Schematic diagram of the self-healing
mechanism of DxAyWPU films.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 6
:4

5:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
provides dynamic oxime–carbamate bonds that can be revers-
ibly dissociated and bonded under thermal drive, which endows
waterborne polyurethanes with the self-healing ability. AGM
endows the system with amultiple hydrogen-bonded physically-
crosslinked network, which drives the accelerated diffusion and
rearrangement of the molecular chains. Meanwhile, the strong
hydrogen bonding in the urea–carbamate bond generated by
the reaction between –NH2 and isocyanate in AGM, and the
triazine ring in AGM itself, successfully balance the self-healing
and mechanical properties.

3.7 Flexible strain sensors application

Due to the excellent mechanical properties and good self-healing
ability, a stretchable and self-healing wearable sensor was
fabricated by D8A2WPU with the addition of CNT. The prepara-
tion process of exible composite conductor DxAyWPU-CNT is
shown in Fig. 6(a). The composite conductor is not conductive
when the CNT content is 10%, and the square resistance of the
composite conductor is 2462.2 U, and 379.4 U when the content
is 15% and 20%, respectively, so the following test, D8A2WPU-
6238 | RSC Adv., 2025, 15, 6231–6240
CNT-20%, was taken as a sample. Connect the D8A2WPU-CNT
composite conductor in series with a 3 V power supply and an
LED as shown in Fig. 6(b). When power is applied, the LED lights
up, indicating that the composite conductor has the ability to
conduct electricity. When the conductor is cut, the circuit is
interrupted and the LED goes off. Subsequently, the broken
D8A2WPU-CNT specimen was spliced and reconnected to the
circuit aer healing for 4 hours at 100 °C, and the LED lit up
again, verifying its self-repairing performance.

To investigate the change of relative resistance of the
composite conductor during healing, the sheared D8A2WPU-CNT
composite conductor was contacted and healed by heating at
100 °C for 24 h, and the change of relative resistance DR/R0
(DR = R − R0) was recorded in time. As the healing time
increased from 3 to 24 h, the relative resistance decreased from
15 to 1.5 in Fig. 6(c). The dissociation and recombination of
reversible covalent and hydrogen bonds in the composite
conductor allowed the efficient reconstruction of the conductive
network, which paved the way for the reuse of elastomers in
exible electronic devices. Based on the exibility and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Preparation of composite conductors. (b) Schematic diagram of the healing of the D8A2WPU-CNT composite conductor with LEDs in
series. (c) DR/R0 for different times of healing at 100 °C. (d) D8A2WPU-CNT flexible strain sensor detects DR/R0 vs. finger movement time.
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conductivity of D8A2WPU-CNT, it was assembled into a wearable
exible strain sensor for monitoring daily human movement. As
shown in Fig. 6(d), a tensile strain sensor was attached at the
knuckle, and the sensing resistance increased when the 90°
bending behaviour was executed. Then, the resistance also
recovers quickly as the nger was straightened. Repeated actions
were tested repeatedly with essentially the same change inDR/R0,
indicating that the electrical response behaviour of the exible
sensor was stable, sensitive and repeatable. It proved that the
self-healable conductive composite D8A2WPU-CNT had the
prospect that it can be used as a wearable exible device
application.

4 Conclusion

In this study, a self-healing waterborne polyurethane elastomer
(DxAyWPU) based on hydrogen bonding with oxime–carbamate
bonding was successfully synthesised, and the conductive
composite was further prepared by introducing CNTs. Studies
have shown that DxAyWPU exhibits excellent performance in
terms of mechanical properties, self-healing ability and thermal
stability. By modulating the molar ratio of DMG and AGM, not
only the mechanical strength and toughness of the material
were signicantly enhanced, but also a crosslinked network
© 2025 The Author(s). Published by the Royal Society of Chemistry
with reversible covalent bonds and multiple hydrogen bonds
was constructed, which endowed the material with excellent
self-healing ability. D8A2WPU has the optimal comprehensive
performance with a tensile strength of 33.04 MPa, an elongation
at break of 954.79%, and a self-healing efficiency of up to 90.1%.
Aer the innovative introduction of CNT, the prepared
D8A2WPU-CNT composite conductor can recover the electrical
conductivity by heating and healing aer fracture, showing
good self-healing ability. Tests show that the exible strain
sensors based on D8A2WPU-CNT are able to sensitively monitor
human body movements with stable and repeatable resistance
response. This study provides new ideas for the design of high-
performance self-healing conductive composites and promotes
their application development in exible electronics, smart
sensors and wearable devices.
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