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ABSTRACT: With the advancement of material science and electronic e~
technology, wearable devices have been integrated into daily lives, no . A)
longer just a stirring idea in science fiction. In the future, robust
multifunctionalized wearable devices with low cost and long-term service
life are urgently required. However, preparing multifunctional wearable
devices robust enough to resist harsh conditions using a commercially
available raw material through a simple process still remains challenging.
In this work, reprocessable polyurea (HUBTPU) with a hard segment of
hindered urea bonds (HUBs) and a soft segment of polyether is
synthesized via a facile one-pot method. The robust dual functional %
wearable devices were obtained by simply spray-coating silver nanowires A
(AgNWs) on HUBTPU elastomer substrates. Due to the dynamic S‘m‘mbensmﬂ B
combination and decomposition of the HUBs and hydrogen bonds at -
130 °C, the robust elastomer demonstrates favorable adhesion to various

substrates. Especially, the partially embedded AgNW structure is also achieved by using ethanol as a spray solvent. The adhesion of
HUBTPU substrates and embedded structure leads to stronger interfacial adhesion and stability compared to non-adhesive
substrates. The as-obtained HUBTPU electrodes are able to be heated to 115 °C by applying a low voltage and sensing the strain
deformation caused by human movement, which means that the electrodes are endowed with both electrical heating capability and
strain sensing functionality. Therefore, this strategy reveals a potential way to prepare multifunctional wearable devices using other
conductive particles and adhesive functional polymer substrates.
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1. INTRODUCTION

In recent years, wearable devices gradually reveal amazing
potential in different fields such as health monitoring, motion
sensing, or injury prevention."” To construct wearable devices,
stretchable electrodes serving as conductive pathways become
the key elements.” Various techniques have been demon-
strated to prepare diverse stretchable electrodes, such as
incorporating ionic liquids into a polymer matrix to endow

by using the appropriate solvent to swell the substrate when
spray coating,'”'® using an adhesive material as an adhesive
layer,'” and employing chemical methods or plasma treatment
to modify the surface of materials to increase adhesion by
adding polar groups.”””' However, the strategies mentioned
above lead to the complex manufacture process or insufficient
adhesion strength when facing harsh conditions. Thus,
demonstrating a facile strategy to solve the adhesion problem

elastomers with conductivity,” ™ utilizing a conductive polymer
as a conductive pathway,'”'" and integrating a polymer with
rigid inorganic nanomaterials like carbon nanomaterials,
MXenes, and metal nanowires.' >~ Among all these different
techniques, the combination of AgNWs and polymer
substrates attracts exceptional attention in which AgNWs
possess extremely low resistance, providing as-prepared
electrodes favorable conductivity. The wide variety of polymers
offers possibilities for electrodes to be functionalized. However,
there are several stumbling blocks that are preventing us from
preparing high-performance AgNWs and polymer-based
stretchable electrodes, in which the interfacial adhesion
problem is the most fatal one. Many efforts have been devoted
to solve this problem, such as obtaining embedded structures
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between AgNW5s and polymer substrates remains challenging.

The property of substrates will have a direct impact on the
performance of flexible electrodes. Consequently, the design of
substrates holds great importance. A kind of favorable substrate
is considered to possess suitable mechanical properties, facile
synthesis process, and environmental friendliness, as well as
being able to deal with the adhesion problem. The cross-linked
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Figure 1. (a) Schematic demonstration of the synthesis of HUBTPUs. (b) Preparation of the dual functional wearable devices by spray-coating

AgNWs on the HUBTPU substrates.

polymers feature better mechanical properties, heat resistance,
and solvent resistance compared with thermoplastics due to
the stable covalent bond networks. Meanwhile, the permanent
cross-linked networks make it difficult to process and recycle,
which result in great waste of energy resources and pollution of
the environment.”””>* Thus, finding a way to endow
thermosets with reprocessability is rational. According to the
literature, many attempts have been made to achieve this goal,
including incorporate dynamic covalent bonds into the
molecular structures. Up to now, a great variety of dynamic
covalent bonds has been utilized to form dynamic covalent
networks, such as retro-Diels—Alder,”® reversible click
chemistry,26 reversible radical association—dissociation,”’
boronic ester e:xchange,28 transcarbamoylation,29 imine chem-
istr}7,30’31 hindered urea bonds,****™*° and disulfide meta-
thesis.”"~** However, the majority of them are limited for
practical application by the usage of catalyst, expensive raw
monomers, or complex synthesis methods. Hindered urea
bonds (HUBs) are formed by introducing bulky substituents
on one of the nitrogen atoms of a urea bond.”* The HUBs are
capable of being stable at room temperature and will dissociate
at a higher temperature. This property is deemed to not only

endow the substrate with dynamic nature but also exhibit good
adhesive properties due to the secondary amino groups and
isocyanate groups dissociated from HUBs, which are typical
strong polar groups.”” Recently, using HUBs to prepare
reprocessable cross-linked polyurethane and polyurea is widely
researched. For example, Cheng’s group utilized 2-(tert-butyl
amino) ethanol (TBAE) as a HUB monomer and dibutyltin
dilaurate (DBTDL) as a catalyst to form a kind of poly(urea-
urethane) (PUU) thermoset, which had comparable mechan-
ical properties and remarkable recyclability. As-synthesized
PUU maintained its original mechanical properties even after
five times reprocessing.”* Lei’s group used lauric acid (LA) and
trimethylolpropane tris[3-(2-methylaziridin-1-yl) propionate]
(HD-100) to synthesize a cross-linker that had three imine
groups. They further prepared a thermosetting polyurea
vitrimer with reprocessability, permanent shape reconfigura-
tion, and self-healing performance.”® In short, the multifunc-
tional polymer substrates have been widely achieved,
manifesting the favorable tunability of HUB-based substrates.
However, without conductivity, the application as wearable
devices is impossible. Thus, the conductive electrodes
composed of AgNW- and HUB-based substrates have been
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demonstrated. Kang’s group presented a transparent, flexible,
and self-healable thermoacoustic loudspeaker prepared by
spin-coating AgNWs on poly(urethane-hindered urea)
(PUTPU)-containing HUBs.'” Liu’s group demonstrated
cross-linked polyurea using polydimethylsiloxane as the soft
segment and dynamic urea bonds serving as a self-healing
elastomer substrate for coating and printing of AgNWs.*
However, the progress mentioned before faces problems like
the complex preparation process or single application. Thus,
preparation of AgNW- and HUB-based durable multifunc-
tional wearable devices through a facile way is still a challenge.

In this work, we demonstrated hindered urea bond-
integrated polyurea (HUBTPU) substrates to prepare a kind
of robust dual functional wearable device by spray-coating
AgNWs at 130 °C, as shown in Figure la,b. The HUBTPU
substrates were synthesized using commercially available raw
materials of bifunctional polyether amine (D-2000) as the soft
segment, hexamethylene diisocyanate (HDI) and 2-methyl-
piperazine (2-mPAZ) as the hard segment, and trifunctional
polyether amine (T-403) as the cross-linking reagent, using
dichloromethane as the solvent (Figure la, 2 2, and Table S1,
Supporting Information). The obtained HUBTPU showed a
high breaking strength of 18.8 MPa, an elasticity of 867%, and
favorable reprocessability recovery (80% mechanical properties
after three times reprocessing at 130 °C and 10 MPa for 60
min). The substrates also demonstrate strong adhesion to
metals, which endows the as-prepared HUBTPU electrodes
with better durability compared to embedded non-adhesive
PDMS electrodes. The dual functions were realized, including
electrical heating and strain sensing. The devices can reach a
maximum temperature of 115.6 °C at a voltage of 2.5 V and
maintain around 45 °C at 1.0 V, being able to maintain body
temperature in the cold. With the strain sensing capability, the
devices are capable of detecting the movement signal of a
finger and elbow while remaining stable after the 800 times
cycle test.

2. EXPERIMENTAL SECTION

2.1. Materials. 2-Methylpiperazine (2-mPAZ), polyvinylpyrroli-
done (PVP; M, = 40,000), and hexamethylene diisocyanate (HDI)
were purchased from Adamas. Dichloromethane, ethanol, glycerol,
and sodium chloride were supplied by Greagent. Deionized water was
prepared in the laboratory. Trimethylolpropane tris[poly(propylene
glycol), amine-terminated] ether (T-403, M, = 440) was obtained
from Macklin. Poly(propylene glycol) bis(2-aminopropyl ether) (D-
2000, M, = 2000) was bought from Aladdin. Silver nitrate was
obtained from Chengdu Kelong Chemical Reagent Co., Ltd.
(Chengdu, China). The polydimethylsiloxane (PDMS) prepolymer
(Sylgard 184A) and the curing agent (Sylgard 184B) were purchased
from Dow Corning Corporation. All reagents were used without
further purification.

2.2. Synthesis of HUBTPUs. Taking HUBTPU-2 as an example,
0.250 g of 2-mPAZ, 2.200 g of T-403, and 5.000 g of D-2000 were
dissolved in 20 mL of dichloromethane by magnetic stirring in a 100
mL beaker. Then, 2.100 g of HDI was also dissolved in 20 mL of
dichloromethane and added into the beaker mentioned before to
obtain a homogeneous clear solution. After 5 min of stirring, the
solution was transferred into a square Teflon mold, and dichloro-
methane was evaporated slowly at room temperature for 12 h. After
most of the solvent had evaporated, the mold was transferred to a
vacuum oven and baked at 70 °C for 12 h. Finally, HUBTPUs were
obtained and stored in a dry dish for later use.

2.3. Reprocess Experiment. The samples of HUBTPU-2 were
cut into many pieces by a blade, and then the pieces were hot-pressed
at 130 °C and 10 MPa for 60 min. The as-prepared samples were

cooled to room temperature and named 1 recycled reprocessing
sample. Repeating the above process, the 2 recycled reprocessing
samples and 3 recycled reprocessing samples were obtained.

2.4. Synthesis of AgNWSs. AgNWs were prepared according to
the reported method.** First, 5.86 g of PVP was dissolved in 200 mL
of glycerol using a 500 mL round-bottom flask with mechanical
stirring at 100 °C; after 4 h, a transparent and homogeneous solution
was formed. When the solution was cooled to room temperature,
AgNO; (1.58 g) was added, and after 6 h of stirring, the solution
turned to yellow. Then, 10 mL of glycerol solution containing 59 mg
of NaCl and 0.5 mL of H,0 was added into the flask. After all these
steps, the flask was put into an oil bath, which was heated to 210 °C.
The solution turned to gray-green in 40 min. Finally, when the flask
was cooled to room temperature, 200 mL of H,0 was added. Then,
the mixture was centrifuged at 4000 rpm for 20 min. The precipitation
was washed by water for three times to remove PVP residues. The
prepared AgNWs were dispersed in an appropriate amount of ethanol
to form AgNW solution with a concentration of 1 mg/mL. A SEM
image of the obtained AgNWs is shown in Figure S1; the average
length was about 20 gm and the average diameter was about 100 nm,
which was the same as reported.

2.5. Preparation of HUBTPU Electrodes. As a substrate,
HUBTPU-2 was cut into a 2 X S cm rectangle and put on a hot
plate, which was set at 130 °C. Ten milliliters of 1 mg/mL AgNW
ethanol dispersions was spray-coated on each HUBTPU-2 substrate
using a spray gun, and the distance from the muzzle to the substrate
was about 10 cm. To connect power and test equipment conveniently,
two copper foils were fixed on both sides of the substrate. The as-
prepared devices were used for electrical heating and strain sensing.

2.6. Preparation of the Embedded and Spray-Coated PDMS
Electrodes. AgNWs were spray-coated on a PTFE mold first, the
uncured PDMS (the mass ratio of Sylgard 184A and Sylgard 184B
was 10:1) was poured into the mold, and then the mold was
incubated at 70 °C for 3 h. After PDMS was cured, the mold was
peeled off and embedded PDMS electrodes were prepared. Also, the
spray-coated PDMS electrodes were prepared by spray-coating
AgNWs onto the cured PDMS films at 100 °C. The amount of
AgNWs was the same as when preparing HUBTPU electrodes.

2.7. Characterization and Measurements. Fourier transform
infrared spectroscopy (FTIR) was conducted by a Nicolet iSSO FTIR
spectrometer in a wide range of 400—4000 cm™'. The temperature-
dependent in situ infrared absorption spectra of HUBTPU-2 were
conducted by heating from 30 to 200 °C at S °C/min under nitrogen
protection. Dumbbell specimens (gauge length X width X thickness:
15 X 4 X 1.0 mm®) were made to test the mechanical behavior of
HUBTPUs and reprocessed samples using a tensile apparatus
(Instron 5567) with a sensor of 1KN, and the stretch rate was set
to 100 mm/min for all samples. Differential scanning calorimetry
(DSC) was utilized to determine the glass transition temperature of
HUBTPUs with a NETZSCH DSC 204 F1 instrument. Dynamic
mechanical analysis (DMA) was proceeded with a DMA Q800
instrument (USA) under tensile mode with a constant strain of 5%,
the tan 6 curve was obtained at a frequency of 1 Hz and a strain of
0.1%, and heating ramps were 3 °C/min from —100 to 180 °C. To
analyze the thermal performance of HUBTPUs, thermogravimetric
analysis (TGA) was conducted using an SDT-Q600 (TA, American)
from 25 to 600 °C at a heating rate of 10 °C/min under a N,
atmosphere. The surface and cross-sectional morphology was
observed using SEM (JSM-S900LV, JEOL, Japan) at an accelerating
voltage of 5 kV. EDS (EDAX Octane Elect Super) was also used to
further study the element composition of the cross section. Electric
heating performance was tested by an infrared thermal imager (FLIR
ONE). The strain sensing performance was recorded by a Keithley
2450 source meter under a constant voltage of 0.1 V.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of HUBTPUs.
Due to the various advantages of thermosets and HUBs
mentioned before, it is rational for us to design a thermoset
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Figure 2. (a) Stress—strain curves of HUBTPU-1, HUBTPU-2, and HUBTPU-3. (b) Stress relaxation analysis of HUBTPU-2 at various
temperatures. (c) Fitting of relaxation time—temperature to an Arrhenius equation. (d) Reversible exchange mechanism of hindered urea bonds.
(e) Photographs of the recyclability of HUBTPU-2 via hot press after multiple times under 10 MPa at 130 °C for 60 min. (f) FTIR spectra of
HUBTPU-2 between 30 and 200 °C. (g) Stress—strain curves of the original and multiple recycled HUBTPU-2 samples. (h) Lap shear strengths
between HUBTPU-2 and various substrates bonded at 110, 130, and 150 °C.

elastomer based on HUBs as the substrates of wearable
devices. Consequently, commercially available materials,
including D-2000, T-403, 2-mPAZ, and HDI, were selected
to synthesize various cross-linked HUBTPUs. They were
prepared according to the recipes listed in Table S1. Utilizing
the fast reaction feature between isocyanate and amine, we are
able to obtain HUBTPUs through one-pot synthesis, which is
considered as a great advantage for HUBTPUs to face
industrial production. To prove the cross-linked structure of
HUBTPUs, swelling test was conducted. HUBTPU-2 was put
into different solvents at room temperature. After 48 h, the
elastomers remained insoluble, as shown in Figure S2,

indicating the cross-linked structure of HUBTPUs. To further
investigate the structure of HUBTPUs, the gel content was
tested by using a Soxhlet extractor and dichloromethane as a
solvent for 48 h. As demonstrated in Figure S3, the gel content
gradually rose with the increase in 2-mPAZ content, from
76.83% for HUBTPU-1 to 92.59% for HUBTPU-3, which
suggested that the higher 2-mPAZ content led to a higher
cross-linking degree of HUBTPUs. The chemical structure of
monomers and HUBTPUs was confirmed by the FTIR
spectra. As presented in Figure S4, for T-403, D-2000, and
2-mPAZ, the characteristic peaks at 3000 and 1600 cm™" are
attributed to the stretching and bending vibrations of —NH,

D https://doi.org/10.1021/acsami.2c11875
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and —NH-—, respectively. The stretching vibration peak at
about 1100 cm™ was found in T-403 and D-2000
corresponding to the C—O-—C structure. Notably, the
characteristic peak of HDI at 2275 cm™' was ascribed to
isocyanate groups and then disappeared in HUBTPU-2;
combining the fact that the characteristic peaks at 3361,
1633, and 1564 cm™ corresponding to the stretching and
bending vibrations of urea bonds showed up in HUBTPU-2,
the successful synthesis of HUBPUS-2 was confirmed.’” Also,
there is no significant difference between HUBTPUs in the
FTIR spectra, as shown in Figure SS. Considering the practical
usage of HUBTPUs as wearable electrical devices, mechanical
performance needs to be tested first. As demonstrated in
Figure 2a, by increasing the molar fraction of 2-mPAZ and D-
2000 from 1:3 for HUBTPU-1 to 1:1 for HUBTPU-2 and 3:1
for HUBTPU-3 (Table S1), the breaking strength increased
dramatically from 12 to 32 MPa; meanwhile, the breaking
elongation decreased gradually from 1155 to 705%. These
changes could be attributed to the fact that the rigidity of the
six-membered ring structure belongs to 2-mPAZ, which was
much greater than that of the ether bond belonging to D-2000.
Generally speaking, the existence of a rigid structure will
improve the plasticity of polymers. Macroscopically, HUBT-
PU-1 is too easy to be bent or stretched and HUBTPU-3 is so
hard that it could not be bent by human joint movement.
Consequently, HUBTPU-2, which is not too hard and is not
easily deformed, is selected to be applied to the following tests
and preparation of electrical devices.

In practice, continuous bending of the substrate was
unavoidable. Thus, cyclic tensile test was conducted with five
successive load—unload cycles at 50% strain to characterize the
hysteresis and elasticity of HUBTPU-2, as demonstrated in
Figure S6a. The first cycle had the largest hysteresis loop,
indicating successful energy dissipation of HUBTPU-2, and the
hysteresis loop slightly decreased in the last three cycles
compared to the second cycle. This result could be attributed
to the fact that there was not enough time for the recovery of
dissociation, microstructures, and the orientation of segment
domains or the reformation of hydrogen bonds because of
hysteresis effects.”** As shown in Figure S6b, cyclic tensile
test was conducted with seven successive load—unload cycles
as the strain gradually increased from 50 to 600%, which was
intended to further investigate the toughness and elasticity of
HUBTPU-2. The results demonstrated that residual strain
existed in every cycle, which could be explained by the fact that
during the stretching process, the broken hydrogen bonds
formed new bonding points. However, the cross-linked
structure of HUBTPU-2 restricted the further movement of
molecular chains; thus, the residual strain gradually decreased
with increasing strain.””** All in all, the results of the cyclic
stretching experiment proved that HUBTPU-2 had good
toughness and elasticity, which could be attributed to its cross-
linked structure and hydrogen bonds and available as a
substrate of wearable electrical devices. Serving as a substrate
of wearable electrical devices, which had a heating function, the
thermal stability of HUBTPU-2 was characterized. As shown in
Figure S7, TGA results showed that the initial decomposition
temperature of HUBTPU-2 reached as high as 316.9 °C, much
higher than the operating temperature of general wearable
devices. The storage modulus and loss modulus were measured
by DMA to demonstrate the elasticity of HUBTPU-2, as
shown in Figure S8. Similar to other elastomers, a rubbery
plateau was found at about room temperature, proving the

good elasticity. The elastomer samples retained solidlike
behavior as the storage modulus always remained higher
than the loss modulus.”” As a traditional polymer material, the
characterization of glass transition temperature (T,) is
indispensable. As demonstrated in Figure S9, the T, of
HUBTPUs was measured simultaneously by DSC and DMA.
The first T, at about —58 °C of HUBTPUs is attributed to the
soft segment constructed by D-2000 polyether. The second T,
values at 11.4, 29.2, and 57.0 °C for HUBTPU-1, HUBTPU-2,
and HUBTPU-3, respectively, belong to the hard segment.
The rise in hard segment T, can be explained as the rigidity
improvement of the hard segment molecular chain with the
increase in 2-mPAZ content. As to the endothermic peak from
30 to 100 °C in DSC curves of HUBTPU, it is ascribed to the
activation of the HUBs.*

It is generally acknowledged that the hindered urea bonds
follow the associative mechanism, which means that as the
temperature increases, urea bonds tend to dissociate into
secondary amine groups and isocyanate groups, and at the
same time, secondary amine groups and isocyanate groups will
also reform urea bonds.”>**>" When the temperature reaches
the active range of HUBs, the macroscopic properties of the
material change. Such a storage modulus of HUBTPU-2
decreases sharply from 20 to 70 °C (Figure S8), corresponding
to an endothermic peak found at about 60 °C in the results of
the DSC test (Figure S9). Thus, the active temperature of as-
prepared HUBTPUs is considered at 60 °C, which is similar to
other reported HUBs.””****7>* The temperature dependence
of the thermal expansion curve of HUBTPU-2 demonstrated
in Figure S10 further confirms the T, and the active
temperature of HUBs. The curve clearly shows that the T, is
—52.8 °C and the topology freezing-transition temperature
(T,) is 81.2 °C. The result of T, demonstrates no significant
difference from the previous test results, and the T, is higher
than the active temperature of HUBs. This could be attributed
to the fact that the active temperature of HUBs is not an exact
temperature point but a wide temperature range, which could
be proved by the wide endothermic peak measured by DSC
starting from about 20 to 130 °C (Figure S9).

3.2. Recyclability and Adhesive Properties. HUBs
could not only regulate the mechanical properties of
HUBTPUs but also endow HUBTPUs with dynamic proper-
ties, as illustrated in Figure 2d. The HUBs participate in
formation of a cross-linked network at the operating
temperature and decompose to 2-mPAZ groups and isocyanate
groups at higher temperature, and then the cross-linked
structure is broken and becomes linear-like thermoplastics.
Such a dynamic property endowed HUBTPUs with reprocess-
ability, which makes the HUBTPUs environmentally friendly.
To further investigate dynamic properties of the HUBs, the
time- and temperature-dependent stress relaxation behavior of
HUBTPU-2 was conducted by DMA. As shown in Figure 2b,
the relaxation modulus was monitored as a function of time
from 120 to 150 °C. Also, the stress relaxation of HUBTPU-2
accelerated as the temperature increased, which could be
attributed to the rapid dissociation of dynamic HUBs. By
convention, the relaxation time (z*) was defined as 1/e of the
moralized relaxation modulus. According to 7* and the
corresponding temperature, the activation energy (E,) of the
dynamic HUBs was calculated as 109.66 kJ/mol (Figure 2c) by
the Arrhenius equation, which is higher than that of more
sterically hindered 2,6-dimethylpiperazine and lower than that
of less sterically hindered piperazine (Table S2). The topology
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Figure 3. (a—c) Photographs of the original stretchable electrodes (a) after 15 min of sonication (b) and after 30 min of sonication (c). (d—f) SEM
images of the original stretchable electrodes (d) after 1S min of sonication (e) and after 30 min of sonication (f). The inset images are enlarged
views of the corresponding images. (g) Sheet resistance of the HUBTPU electrode, embedded PDMS electrode, and spray-coated PDMS electrode
during sonication. (h) SEM image of the cross section of the PDMS-packaged HUBTPU electrode. (i—1) Corresponding EDS images of the cross

section of the PDMS-packaged HUBTPU electrode.

freezing-transition temperature (T,) of HUBTPU-2 was also
measured by DMA as 81.2 °C, and the T, was further
confirmed as —52.8 °C as shown in Figure S10. Below the T,

the network topography configuration will be quenched and,
above the T, it will be triggered; when T, is higher than T, the
material may be able to be reprocessed above T,.** To further
prove the dynamic nature of HUBs, the FTIR spectra of
HUBTPU-2 between 30 and 200 °C are demonstrated in
Figure 2f. The peak at 2265 cm™' corresponding to the
isocyanate groups gradually became higher as the temperature
rose, indicating the dissociation of HUBs and formation of
isocyanate groups.

The dynamic nature of HUBs endows cross-linked
HUPTPUs with reprocessability. As demonstrated in Figure
2e, HUBTPU-2 was pulverized into pieces and then
reprocessed into homogeneous dumbbell-shaped specimens
through hot pressing at 130 °C under 10 MPa for 60 min. This

process successfully underwent for three times, which strongly
proved the dynamic nature of the HUBs. Reprocessed samples
were further investigated, as shown in Figure 2g; the stress—
stain curves of original and reprocessed HUBTPU-2 exhibit
good mechanical property recovery. The recovery rates of
tensile strength and elongation at break were quantified. The
results show that the tensile strength and elongation at break
both decreased slowly during three times reprocessing but
maintained about 80% compared to the original. To investigate
the reason why HUBTPU-2 maintained excellent mechanical
properties, multiple tests were conducted. First, FTIR was
conducted to investigate the chemical structure of HUBTPU-2
after reprocessing. As demonstrated in Figure S11, nearly
nothing changed in these curves, manifesting the chemical
structure of HUBTPU-2 after reprocessing remained stable.
The gel content was tested with the usage of a Soxhlet
extractor and dichloromethane, and the result is shown in
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Figure S12. After three times reprocessing, the gel content of
HUBTPU-2 gradually increased from 87 to 93%, manifesting
that the structure of HUBTPU-2 stayed cross-linked. The
storage modulus of three times recycled HUBTPU-2 was
tested by DMA, and the result showed a slight decrease
compared to the original as shown in Figure S13. Interestingly,
the storage modulus decreases with increasing gel content after
multiple times reprocessing. To explain this phenomenon, a
schematic demonstration of a hypothetical degradation
mechanism of the HUBTPU is shown in Figure S14. As the
HUBTPU is synthesized, unreacted isocyanate end groups
readily react with ambient water to form amino groups and
carbon dioxide, leaving amino-terminated linear structures and
cross-linked structures mixed together.”' During the hot press,
a part of active isocyanate groups could react with the terminal
amino-forming stable urea bonds. After cooling, a part of linear
chains connects to the cross-linked network and the degree of
cross-linking reduced, which results in an increase in gel
content and a decrease in storage modulus simultaneously. At
last, to investigate the T, of three times recycled HUBTPU-2,
the DSC and DMA tests were carried out, and the results are
shown in Figure S1S. The T of the soft segment remained as
low as —58.6 and —54.8 °C measured by DSC and DMA,
respectively, and the T, of the hard segment dropped slightly
from 29.2 to 27.1 °C, which could be attributed to the
degeneration of the structure of the hard segment. All the
evidence manifested that the dynamic nature endowed
HUBTPU-2 with good reprocessability.

Based on the dynamic behavior and good mechanical
properties of HUBTPU-2, excellent adhesive properties were
expected, which was helpful in enhancing the interface
adhesion problem between AgNWs. To explore the adhesion
property of HUBTPU-2, the common materials of Al, Cu, Fe,
and glass sheets were used and bonded under different
temperatures, and the result is demonstrated in Figure 2h. The
lap shear strength between HUBTPU-2 and driverse objects
under different bonding temperatures was all greater than 0.51
MPa (tested with Al sheets bonded at 110 °C) and reached a
maximum value of 5.06 MPa when HUBTPU-2 was tested
with Cu sheets bonded at 150 °C. It is very obvious that the
adhesion of HUBTPUs to all substrates is greatly improved
when the bonding temperature reaches 150 °C, which is
attributed to the fact that the HUBTPU is easier to fit perfectly
with the microstructure of the substrate surface at higher
temperatures. All results were manifesting that HUBTPU-2
showed a good adhesive property, indicating the potential to
form great interfacial adhesion with AgNWs.

3.3. HUBTPU-Based Dual Functional Wearable De-
vices. Polar groups such as secondary amino groups and
isocyanate groups are beneficial for improving the adhesion
between substrates and AgNWs.ZO Thus, it was rational to
choose 130 °C as the spray coating temperature since
secondary amino groups and isocyanate groups would show
up due to the dynamic nature of HUBs. To obtain an
embedded structure, ethanol was chosen to disperse AgNWs,
which swelled HUBTPU-2 better than other solvents (Figure
§2)."7* After completing the spray coating step in accordance
with the above conditions, the dual functional wearable devices
based on HUBTPU-2 were prepared. To clearly illustrate the
contribution of the adhesion to electrode stability, non-
adhesive PDMS was selected as the counterpart. Two kinds of
typical electrode preparation methods are demonstrated: spray
coating AgNWs on cured PDMS and spray coating AgNWSs on

the PTFE mold first and then curing PDMS on the mold.
Through these two methods, the spray-coated PDMS
electrode and the embedded PDMS electrode were prepared.
To investigate the adhesion between electrodes and AgNWs,
the as-prepared electrodes were sonicated in an aqueous
solution at room temperature. The SEM images of counterpart
electrodes before and after sonication are demonstrated in
Figure S16. It is evident that the AgNWs on the spray-coated
PDMS electrode are removed completely. On the contrary, the
AgNWs embedded in PDMS remained stable after sonication,
manifesting that the embedded structure is important to
enhance the stability of the electrodes. As demonstrated in
Figure 3a—c, the as-prepared HUBTPU electrodes were
covered uniformly by abundant AgNWs. Also, after sonication
for 15 and 30 min, a small portion of AgNWs was removed
from the surface, but most of AgNWs were left on the surface.
The result was further confirmed by SEM images as shown in
Figure 3d—f, and the AgNWs of as-prepared HUBTPU
electrodes were the same as the AgNWs that were just
synthesized (Figure S1). After 15 min of sonication, AgNWs
started to degrade, becoming shorter and forming silver
nanoparticles. This trend became more pronounced after 30
min of ultrasound treatment; less long AgNWs remained on
the surface and short AgNWs and silver nanoparticles thrived.
Interestingly, the AR/R, of HUBTPU electrodes remained
more stable compared to other electrodes (Figure 3g), the
spray-coated PDMS electrode was destroyed instantly due to
the low adhesion between PDMS and AgNWs, and the
embedded PDMS electrode remained much more stable due
to the embedded structure. This result manifests that the
HUBTPU electrodes are more stable than the other two
electrodes, which can be attributed to two points: First, the
abundant AgNWs tightly bonded to HUBTPU enabled the
conductive pathway to remain, even though the AgNW
structure was partially damaged. Second, the conductive
pathway formed by embedded AgNWs was more resistant to
ultrasound damage. To prove that the embedded structure was
formed, the cross-sectional SEM images of the HUBTPU
electrode are demonstrated in Figure S17a,b. The AgNWs and
HUBTPU are messed up, and it is hard to find a clear
boundary between them. We attributed this to the brittle
fracturing process conducted by liquid nitrogen and took the
SEM images of the surface of the liquid nitrogen brittle
fractured samples as shown in Figure S17¢,d. It is clear that the
surface of brittle fractured samples is destroyed compared to
the surface of as-prepared samples (Figure 3d). The
destruction of the surface could be ascribed to the mismatched
thermal expansion coefficients of AgNWs and HUBTPUs; as
the temperature decreases, the volume of HUBTPU as a
polymer shrinks greatly, while the volume of AgNWs remains
unchanged, which causes the stress generated at the interface
to damage the surface of the electrode. Thus, to have a clear
view of the cross section, PDMS was cured on the surface of
the HUBTPU electrode to protect the surface structure from
being destroyed by liquid nitrogen. To distinguish PDMS from
HUBTPU, EDS images are shown in Figure 3i—l. In the place
where Ag (rad, corresponding to AgNWs) is the most
concentrated, Si (blue, representing PDMS) and C (green,
representing HUBTPU) are distributed evenly at the same
time, manifesting that the AgNWs are existing on the surface
and are embedded under the surface of the HUBTPU
substrate simultaneously. All the above results manifested
that AgNWs firmly bonded with the HUBTPU substrate,
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Figure 4. (a—d) Infrared thermal imaging photos of the working electrical heaters at 1.0 V (a), 1.5V (b), 2.0 V (c), and 2.5 V (d). (e) Plot of the
temperature versus time at various applied voltages of the as-prepared electrical heaters. (f) Infrared thermal imaging photo of heating of 25 mL of
water. (g) Curve of the temperature increasing with time when heating 25 mL of water. (h) Photograph of the as-prepared electrical heating device
sticking to the back of the hand. (i) Peeling from the back of the hand. (j—1) Infrared thermal imaging photos of heating of the hand (j), elbow (k),

and knee (1).

which was ascribed to the interfacial adhesion and embedded
structure.

Since the sheet resistance of as-prepared HUBTPU
electrodes was as low as about 1 €/sq., which was attributed
to the extradentary conductivity of AgNWs, the electrical
heating capability of HUBTPU electrodes was expected.
Consequently, to investigate the electrical heating perform-
ance, two copper foils are fixed on both sides of HUBTPU
electrodes by clips for connection to external test equipment.
Then, a DC power supply was used to apply different specific
voltages to the HUBTPU electrodes, the temperature raised
dramatically in first 100 s, and after that, the temperature of
every different specific voltage remained stable as demon-
strated in Figure 4e. Specifically, the temperature of HUBTPU
electrodes raised to 46.6 °C, which was warm and comfortable
for the human body when applying a voltage of 1.0 V,
measured by an infrared thermal imager as demonstrated in
Figure 4a. Moreover, when the voltages were up to 1.5 and 2.0
V, the temperatures gradually increased to 64.9 and 86.1 °C,
respectively (Figure 4b,c). The highest temperature reached
115.6 °C at a voltage of 2.5 V as shown in Figure 4d. We did
not increase the voltage further because when the HUBTPU
electrodes were heated up, the HUBTPU substrates behaved
differently compared to room temperature. Intuitively, the
HUBTPU electrodes became more and more soft and sticky
during the heating process, which could be ascribed to the fact
that the modulus of HUBTPU-2 substrates decreased
dramatically in the temperature range from 25 to 75 °C

(Figure S8). The HUBs started to decompose into amino
groups and isocyanate groups, which are often used as an
adhesive. It is worth mentioning that the highest temperature
achieved by electrical heating was still far from the maximum
temperature that HUBTPU-2 substrates could withstand,
which was higher than 200 °C (Figure S7). To further
investigate the heating performance of HUBTPU electrodes, a
HUBTPU electrode was attached to the bottom of a 25 mL
round-bottom flask, which was filled with 20 mL of water, and
then a voltage of 2.0 V was applied. As demonstrated in Figure
4f,g, the water was finally heated to 49.0 °C after about 60 min,
manifesting the favorable electrical heating capability of
HUBTPU electrodes. Furthermore, HUBTPU electrodes
were attached to different parts of the skin surface to serve
as wearable devices. As shown in Figure 4h, a HUBTPU
electrode was affixed to the back of the hand, and it was able to
adhere to the skin without additional fixation, which is
attributed to the adhesiveness of the HUBTPU-2 substrate
itself (Figure 4i). To quantitatively characterize the adhesion of
HUBTPUs to organic surfaces, the peeling strength between
the HUBTPU and the human skin was conducted. As
demonstrated in Figure S18, the peeling strength reaches 40
N m™’, which is enough for our device to attach to the human
body. Taking advantage of this property, HUBTPU electrodes
were adhered to the back of the hand, elbows, and knees and
heated by a voltage of 1 V. The resulting inferred images are
demonstrated in Figure 4j—1; the HUBTPU electrodes reached
about 45 °C during the test, indicating that the HUBTPU
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Figure S. (a) Resistance variation of the as-prepared strain sensors on applied tensile strain. Gauge factors (GFs) were obtained by fitting the curve
with three segments (0—15, 15—30, and 30—40% strain). (b, c) Images and AR/R, variation when different reversible bending movements were
applied by a finger (b) and elbow (c). (d—f) Images of AR/R, variation when applying 1% strain (d), 5% strain (e), and 10% strain (f). (g)

Periodical AR/R, variation upon stretching—releasing cycles (1% strain).

electrodes had the potential to assist users in maintaining the
temperature in cold conditions, which was a serviceable
function of the wearable devices.

During the deformation of HUBTPU electrodes like
bending and stretching, a relative displacement occurs between
AgNWs, resulting in a variation in the overall resistance of
HUBTPU electrodes, which would endow HUBTPU electro-
des with the function of strain sensing. Also, strain sensing will
make it possible to sense human body movements, which is
concerned as a practical function for wearable devices. Thus, it
is rational to investigate the performance of HUBTPU
electrodes used as strain sensors. Figure Sa shows the relative
change in resistance (AR/R,) as a function of the strain (¢) of
HUBTPU electrodes. The gauge factor (GF), which is defined
as the slope of the (AR/R,) versus ¢ plot, is an indispensable
parameter for investigating the sensitivity of strain sensors. For
the HUBTPU electrodes, the mathematical fit of the (AR/R,)
versus € plot generates three different slopes of 0.24, 0.58 and
1.36 corresponding to the strain from 0 to 15%, 15 to 30%, and
30 to 40%, respectively. The upper limit of strain is set at 40%
because excessive strain will destroy the network structure of
AgNWs and 40% strain is sufficient for wearable applications.
To verify the capability of HUBTPU electrodes to be used as a

wearable soft sensor to monitor diverse human body motions,
HUBTPU electrodes were adhered to fingers and elbows as
shown in Figure Sb,c. When the fingers and elbows were kept
straight, HUBTPU electrodes were neither stressed nor
deformed, so the resistance was kept to a minimum level. As
the fingers and elbows were bent, HUBTPU electrodes became
deformed and the contact between AgNWs deteriorated,
leading to the sudden increase in (AR/Ry). The greater change
in (AR/R,) due to the flexion of the elbow could be attributed
to the greater strain created when the elbow was flexed. As a
result, the movement of bending fingers and elbows is perfectly
transformed into electrical signals, manifesting that the
HUBTPU electrodes are able to sense human movements.
To further investigate the sensing capability of HUBTPU
electrodes, successive cyclic extension and release test was
conducted by setting strain values of 1, S, and 10% (Figure
Sd—f), and not surprisingly, all different strains were well
detected; also, with the increase in strain, the peak value of
(AR/Ry) also increases gradually. The response time and
recovery time of HUBTPU electrodes are demonstrated in
Figure S19. The response time and recovery time were
measured as 0.28 and 0.32 s, respectively, which were quick
enough to detect human movement. As a wearable strain
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sensor, the cycling stability is very important as this directly
affects the service life of the device. Thus, successive cyclic
extension and release test was conducted with a strain of 1%
for about 800 times (Figure Sg). The result shows that even
after 800 times deformation, the sensitivity of HUBTPU
electrodes nearly remains unchanged, manifesting that
HUBTPU electrodes possess favorable cycling stability.
Compared with other sensors reported in the literature that
use AgNWs as a conductive component, the as-prepared strain
sensor possesses ordinary sensing performance. However, the
simplest spray coating preparation method gives our sensor
more potential for practical use, and the recyclable substrate
makes it more environmentally friendly (Table S3). In
summary, the HUBTPU combined with AgNWs successfully
formed a kind of dual functional wearable device, which
demonstrates favorable electrical heating capability and stable
strain sensing functionality, manifesting a potential practical
application value.

4. CONCLUSIONS

In summary, a facile one-pot method was developed to
synthesize a series of hindered urea bond (HUB)-based
polyurea elastomers using commercially available raw materi-
als. HUBTPU-2 was selected to become the substrate for
subsequent experiments due to the suitable mechanical
behavior. Then, the reprocessability of HUBTPU-2 was
investigated to meet the growing requirements of environ-
mental protection. The results showed that the activation
energy of as-synthesized HUBs was 109.66 kJ/mol and the
cross-linked HUBTPU-2 turned into reprocessable under the
conditions of 130 °C, 10 MPa, and 60 min. Moreover, the
stress and strain at break remained approximately 80%
compared to the original. Unsurprisingly, HUBTPU-2
demonstrated favorable adhesive properties to a diverse
substrate, which enhanced the interface bonding between
AgNWs.

The as-prepared HUBTPU electrodes demonstrated great
durability compared to the PDMS electrodes, and the sheet
resistance remained nearly unchanged after sonication, which
could be attributed to the excellent interfacial adhesion
between HUBTPU and AgNWs and the embedded structure.
The HUBTPU electrodes showed a low sheet resistance of
about 1 Q/sq., capable of heating up to about 40—50 °C,
which was suitable to warm the human body and then reached
a maximum temperature of 115.6 °C when applying a voltage
of 2.5 V. The strain sensing function was endowed by AgNWs,
and as-prepared strain sensors successfully detected the
movement signal of the human body. So far, dual functional
wearable devices endowed with electrical heating and strain
sensing functionalities based on reprocessable HUBTPUs and
AgNWs were successfully demonstrated. This strategy could
solve the interface adhesion problem between device polymers
and rigid conductive materials.
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images of PMDS electrodes before and after sonication,
SEM images of the cross section and surface of liquid
nitrogen brittle fractured HUBTPU electrode, photo-
graph of the peeling text and the peeling strength of the
HUBTPU and human skin, and response time of as-
prepared strain sensors (PDF)
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