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Chungen Liu, Jeffrey B.-H. Tok, Xudong Jia,* and Zhenan Bao*

Adopting self-healing, robust, and stretchable materials is a promising
method to enable next-generation wearable electronic devices, touch screens,
and soft robotics. Both elasticity and self-healing are important qualities for
substrate materials as they comprise the majority of device components.
However, most autonomous self-healing materials reported to date have
poor elastic properties, i.e., they possess only modest mechanical strength
and recoverability. Here, a substrate material designed is reported based on

a combination of dynamic metal-coordinated bonds (#-diketone—europium
interaction) and hydrogen bonds together in a multiphase separated network.
Importantly, this material is able to undergo self-healing and exhibits
excellent elasticity. The polymer network forms a microphase-separated
structure and exhibits a high stress at break (=1.8 MPa) and high fracture
strain (=900%). Additionally, it is observed that the substrate can achieve

up to 98% self-healing efficiency after 48 h at 25 °C, without the need of any
external stimuli. A stretchable and self-healable dielectric layer is fabricated
with a dual-dynamic bonding polymer system and self-healable conductive
layers are created using polymer as a matrix for a silver composite. These
materials are employed to prepare capacitive sensors to demonstrate a
stretchable and self-healable touch pad.

Stretchable electronics have attracted significant atten-
tion recently for their applications in e-wear and e-skin.!"
Different approaches, such as organic electronics,?! thin
film electronics,B¥! and flexible inorganic electronics, have

been developed to realize the wearable
electronics. Due to our daily active body
movements, these electronics (especially
when located at the joints) are susceptible
to either ruptures or scratches. Therefore,
to extend the device operational lifetime,
it is imperative to provide a protective
barrier against environmental stimuli,
while maintaining the electronics’ robust
mechanical properties. Self-healing is
essential for wearable systems, and incor-
porating some forms of autonomous and
repeatable self-healing into electronic
devices would enhance their robustness
and durability. Several strategies based on
the bond reformation, such as the employ-
ment of reversible covalent bonds,P! and
the introduction of dynamic noncovalent
bonds, [l have been reported to enable self-
healing polymers. However, the majority
of these self-healing polymers either
require external stimuli, e.g., light,/°f7]
heat®l solvent® and pressure,l% or
suffer from poor elasticity.[° It is impor-
tant to note that achieving both elasticity

and self-healing properties simultaneously is difficult, because
most elastomers, such as polyisoprene or poly(dimethylsiloxane)
(PDMS), depend on strong covalently bonded crosslinks.|
In traditional elastomers, the entropy of hindered or aligned
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polymer chain decreases at higher strain and allows the mate-
rial to recover to its original state driven by entropic gain.['2l
On the other hand, most self-healing systems rely on the weak
dynamic noncovalent interactions to recover the material's
properties.l°d] Polymer chains connected by weak dynamic
bonds break more readily allowing energy dissipation at higher
strain, which invariably leads to poor recovery behavior. There-
fore, the challenge remains to create materials that have both
good elastic performance and autonomous healing capability.

For weak crosslinks, they are easily broken upon loading.
For example, the binding energy of hydrogen bonds is rela-
tively weakl!®l (e.g., 15-18 kcal mol! for amides!" and
14-22 kcal mol™ for urethanes!’®) and would break readily
under strain. To address this limitation, conferring strong
yet dynamic crosslinks in polymer network has been imple-
mented. Wu et al. reported a hybrid network by combining
reversible hydrogen bond and covalent crosslinks to generate
a tough elastomer with a 30% healing efficiency after 12 h at
room temperature.!®l Park and co-workers introduced aro-
matic disulfide as dynamic covalent bond into thermoplastic
polyurethane and reached a self-healing elastomer with high
tensile strength and toughness.['”] Xu and co-workers reported
a self-healing conductor based on dual-dynamic hydrogen
bonding and electrostatic interactions, and further demon-
strated sensitive strain and pressure sensor.'¥! Zhou and co-
workers designed a self-healable sensor with positive/negative
piezoresistivity based on the design of hierarchical structure
connected through supramolecular metal-ligand (M-L) coor-
dination bonds."”! Guan and co-workers reported a multiphase
supramolecular strategy to prepare self-healable thermoplastic
elastomers.2% M-L interactions are promising as dynamic
healing motifs because the thermodynamic and kinetic param-
eters of M—L complexes are tunable over a broad range, which
could potentially yield self-healing materials with highly
adjustable mechanical properties.>?!l In addition, thermo-
dynamic incompatibility induced microphase separation will
promote the elastic performance of the materials.?2l Hydrogen
bonding plays an important role to generate microphase sep-
aration between different phases well known for the case of
polyurethane and polyurea.?3l Moreover, the system with rela-
tively high M-L binding constants also tends to phase separate
with the M-L complexes residing in hard glassy or crystalline
domains, thus contributing to the reinforcement of mechan-
ical properties.

We propose here a molecular design in using dual-dynamic
crosslinking system, which possess a combination of hydrogen
bonding and dynamic M-L coordination, to enable microphase
separation in the bulk and, as such, facilitating the self-healing
process and conferring good elastic property. The mechanical
stress at break of the material reaches 1.8 MPa and the strain
at break is observed at about 900% (A4 = 10). The material could
recover to 1.2x its original length after a process of stretching
to 500% (A = 6) and unloading the sample, and fully recovered
to its original length with a 30 min relaxation. The damaged
samples can achieve up to 98% healing efficiency after 48 h at
room temperature without stimuli. We fabricated a capacitive
touch sensor array using our prepared elastic and self-healable
material as the dielectric substrate and the matrix for a conduc-
tive composite.
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We reasoned that a higher coordination number of the metal
center would result in higher crosslinking densities, which would
then reduce the overall chain sliding when subjected to high
strain. Herein, we chose Eu(IIl)-curcumin coordination complex
for our design. Curcumin was natural occurring chelating agent,
due to the f-diketone moiety. It had been successfully used to
coordinate with different metal ions especially the lanthanide ele-
ments.?l To investigate the coordination structure in the polymer
network, we chose the M—L curcumin-A (Figure S1a, Supporting
Information) and Eu(CF;SO3);. The binding energy between Eu
and curcumin is 38.5 kcal mol™! per Eu—O bond, as was calcu-
lated by a model coordination complex (see Supporting Informa-
tion binding energy of Eu—O and Table S1, Supporting Informa-
tion). The binding energy of the coordination bond is stronger
than hydrogen bonding. We also observed that the coordination
structure with a stoichiometry of 3:1 curcumin to Eu(CF3;SOs);
showed a maximum peak at =450 nm, as confirmed by UV-vis
spectrum (Figure 1c). This was attributed to the formation of the
specific 3:1 curcumin:Eu complex. In addition, molecular weight
of the coordinates tested by mass spectra indicated that the coor-
dination number between Eu*" and curcumin of the stable com-
plexes was 1:3. (Figure Slc, d, Supporting Information).

To increase the miscibility between different phases and
to promote self-healing, we chose urethane linkages as they
have a much higher content of hydrogen bonding between
the N—H and C=0O groups. Furthermore, we introduced
p-diketonate ligands to the polymer chain, as they were capable
of crosslinking via both hydrogen bondings and dynamic M-L
coordinations. We first prepared the curcumin polymer block
(termed P-Cur; structure shown in Figure 1a) by step polym-
erization. Curcumin was initially reacted with excess IPDI at
90 °C to form a monomer featuring isocyanate terminated
groups. Subsequent addition of polytetramethylene ether glycol
(M, = 2000) and chain extender 1,4-butanediol to the monomer
afforded the desired P-Cur polymer (Figure S2a, Supporting
Information). 'H NMR showed multiple peaks around 7.0 ppm,
indicating the curcumin was incorporated in the polymer chain
(Figure S2b, Supporting Information). The structure of the
P-Cur was characterized by fourier transform infrared spectros-
copy (FT-IR), showing that all the NCO groups were fully reacted
(Figure S3, Supporting Information). In addition, gel permeation
chromatography (GPC) measured average molecular weights of
the P-Cur were M,, = 120 kDa and M, = 37 kDa. After coor-
dination of Eu(IIl), the linear chains were further crosslinked
by coordination bonds, resulting in the formation of a polymer
network (termed as P-Cur-Eu). The appearance of C=0 at
1625 cm™! was indicative of the presence of curcumin moiety.
Upon the addition of Eu?", the disappearance of the C=0 vibra-
tion feature indicated the coordinations of Eu and cucumin O
(Figure 1d and Figure S3, Supporting Information). Morphology
of the coordinated crosslinked polymer as observed by trans-
mission electron microscopy (TEM) showed that aggregation of
=20 nm from Eu-complexation was uniformly distributed in the
polymer matrix (Figure le), and the average distance between
two phases was =40 nm, as confirmed by small-angle X-ray scat-
tering (Figure S4, Supporting Information).

P-Cur was observed to be a soft tacky film without any
appreciable mechanical properties, measured with =0.1 MPa
tensile stress and 3000% elongation (Figure S5, Supporting
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Figure 1. a) Molecular structure of curcumin (Cur)-embedded polymer. b) A schematic depiction of Eu (I11) coordinated P-Cur material, highlighting
the Eu—curcumin coordination bonds and the hydrogen bond derived from the urethane groups. c¢) UV-vis spectra of samples with different ratios
of curcumin/Eu in THF. The curves were normalized using the absorption band at 425 nm. d) FT-IR of different samples. e) TEM image of dynamic

interaction system in the P-Cur-Eu = 3:1 substrate. Scale bar: 100 nm.

Information). To confer the material with more toughness
and elastic property, we proceed to investigate if the addition
of Eu(CF;SO;); to P-Cur would enhance their mechanical
performance.

We investigated the effect of the coordination between the
metal ions and the ligand blocked polymer. Control samples
which include: i) no curcumin (termed P-Control) and ii) mixed
with the Eu(CF3;SOj3); (P-Control-Eu) were both prepared (see
the Supporting Information). Frequency-dependent dynamic
moduli of P-Control, P-Control-Eu, P-Cur, and P-Cur-Eu were
investigated by small-amplitude oscillatory shear. As shown in
Figure S6 in the Supporting Information, introduction of Eu**
into the P-Control (which lacks B-diketone ligands in the main
chain) did not improve the mechanical property of polymer.
On the other hand, addition of Eu?* to P-Cur was observed to
significantly enhance the mechanical strength of the polymer.
Specifically, an increase in dynamic storage modulus of several
orders of magnitude was observed. This experiment together
with the disappearance of C=0 vibration in FT-IR clearly indi-
cated that there were coordination interactions between the
curcumin ligand and Eu" ions, and this coordination interac-
tion resulted in network formation to greatly improve on the
modulus of the P-Cur-Eu system.

In order to confirm the contribution of hydrogen bonding,
P-Cur-CH; was synthesized to partially substitute N—H groups
with N—CHj (Figure S7, Supporting Information). In specific,
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both P-Cur and P-Cur-CH; showed crossovers where G’'= G” at
a frequency of y, but the modulus of P-Cur was much higher
than that of P-Cur-CHj (Figure 2a), indicating that the hydrogen
bonding played an important role in improving mechanical
property of P-Cur system. Furthermore, with addition of the
Eu’*, the crossover point was no longer observed in the coor-
dinated systems. The G’ further increased and became fre-
quency independent, suggesting that the coordination induced
crosslinked network was formed and the higher modulus of
the material was primarily due to the formation of coordina-
tion crosslinks. We also introduced different molar ratios of
Eu(CF3S03); into P-Cur and scaled the storage modulus to
master curves (Figure S8, Supporting Information) by Williams—
Landel-Ferry (WLF) equation. The shift factors were shown
in Figure S9 in the Supporting Information. We noted that
P-Cur-Eu = 3:1 possessed a higher modulus, which was con-
sistent with the theoretical ratio (3:1) between curcumin and
Eu’* judged from the above model compounds.

The mechanical properties of the films were measured
at room temperature using tensile tests. All the coordinated
materials showed typical rubber-like behaviors (Figure 2b). In
specific, P-Cur-Eu = 3:1 system possessed the highest tensile
stress (1.8 MPa) and strain capability (=900%). All collected
detailed data were summarized in Table S2 in the Supporting
Information. The coordination was specific between Eu** and
curcumin. Addition of other metals, such as Cu?" and Tb*,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Mechanical and self-healing properties of P-Cur-Eu. a) Master curves of P-Cur-Eu = 3:1, P-Cur, and P-Cur-CHj; scaled by time—temperature
superposition at a reference temperature 20 °C. b) Stress—strain curves of films prepared with different molar ratios of P-Cur ligand to Eu (I1l) with strain
rate 20 mm min~'. ¢) Engineering stress—strain curve of the film prepared with a P-Cur ligand to Eu (Il1) molar ratio of 3:1 (P-Cur-Eu = 3:1) stretched at
different rates for a sample of width 5 mm, thickness 0.8 mm, and gauge length 5 mm. d) Recovery and cyclic loading of the film P-Cur-Eu = 3:1. The
samples were loaded (500% strain), unloaded, and immediately reloaded ten times (tensile rate: 20 mm min™'), and then the samples were allowed
to rest for 30 min at 25 °C after releasing of the strain and stretched again (cycle 11). e) The cut pieces were aligned and joined together for healing
at 25 °C for 24 h. Upon stretching the healed film manually, no cracking or breaking happened. f) Optical image of P-Cur-Eu = 3:1 before and after
healing at 25 °C for 24 h. Cut depth: 20-30% of its thickness 0.6 mm, scale bar: 200 um. g) Films were cut into strips of about 5 mm in width, gauge

length 3 mm, and height 1 mm. The samples were cut into completely separate pieces using a razor blade and they were aligned and healed at 25 °C

for different healing times. Tensile tests were carried out with tensile rate of 20 mm min™".

did not show obvious improvement in strength (Figure S10,
Supporting Information).

Next, we chose P-Cur-Eu = 3:1 system for further investiga-
tions. We observed that the Young’'s modulus of the sample
increased as the tensile rate increased (Figure 2c). Also, we
observed that the materials showed good elastic performance
and self-recovery property. Repeated cyclic tensile tests were
performed as shown in Figure 2d, and it showed hysteresis
and Mullins effect as derived from the volume fraction of soft
segment increased during the initial cycle.”’! We repeated
stretching the sample to 6x its original length and unloading the
sample by 10 cycles, and the energy density dissipated within
the loop of the first cycle was estimated to be about 0.78 M] m~3.
With this value arbitrarily set as 100%, 67% of the energy dissi-
pation was observed to be lost in cycle 2. This phenomenon had
been also observed in other systems.?®! The decrease of energy
dissipation also appeared in subsequent cycles. These were
attributed to the buildup of elastic deformation, which could
not relax to equilibrium on the time scale of individual cycles.
After 30 min relaxation, cycle 11 showed that =95% of the
original energy dissipation observed in cycle 1 fully recovered
(Figure S11, Supporting Information), indicating the sample
regained its original mechanical performance. We speculated
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that this observed excellent recovery in energy dissipative prop-
erties may be derived from the remaining Eu-O crosslinks,
assisting in the reformation of hydrogen bonds. The fracture
energy of the film was 2443 ] m~2 (Figure S12, Supporting Infor-
mation), which was comparable to the tough elastomer reported
by Creton and co-workersi?’] Furthermore, repeated stretching
to various strains was also tested (Figure S13, Supporting Infor-
mation). These observed mechanical behaviors indicated that
the material possessed very good elastic performances.

P-Cur showed high autonomous healing efficiency
(Figure S14, Supporting Information) but possessed low
mechanical strength. Our polymer network was crosslinked
with both dynamic metal coordination bonds and hydrogen
bonding to confer autonomous self-healing ability. Specifically,
P-Cur-Eu = 3:1 exhibited spontaneous self-healing behavior at
room temperature without external stimuli. In a typical self-
healing experiment, for easy identification, one of the two
pieces was stained with a black dye. After healing at room tem-
perature for 24 h, the healed sample was observed to be able
in sustaining a large strain once again (Figure 2e). In addition,
any morphological changes around the damaged area were
observed using an optical microscope. The notch on the film
was barely distinguishable under the microscope (Figure 2f).

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The self-healing process with different time was also shown
in Figure S15 and Movie S1 in the Supporting Information.
Next, we cut the films into two separate pieces and the two half
films were gently brought back into contact with =40 um of
the residual scar on near-surface texture, and then the samples
were healed at 25 °C (40% relative humidity (RH)) for different
amounts of time. For all healing time, the stress—strain curves
showed characteristic rubber-like behavior. Remarkably, the
mechanically robust material could recover the yield stress and
the toughness, even when it was cut into two pieces. In specific,
its tensile strength was observed to be restored to 1.34 MPa
(Figure 2g). The damaged sample was able to achieve 98%
healing efficiency, as calculated by the strain at break and
divided by that of the uncut samples after healing for 48 h at
25 °C (Figure S16, Supporting Information). We further inves-
tigated the influence of environmental factors on self-healing
property. These experiments showed that the healing efficiency
was improved as the contact area and temperature increased
(Figures S17 and S18, Supporting Information). An increase
in relative humidity did not decrease the strain capability of
the healed samples but weakened the ultimate tensile strength
after healing (Figure S19, Supporting Information). Figure S20
in the Supporting Information further illustrated the hypoth-
esized self-healing mechanism for our robust elastomer. Our
observed excellent stretching and self-healing properties were
attributed to the introduced dynamic hybrid interactions,
namely, M-L coordination and hydrogen bonding. Unlike the
P-Cur system without M-L coordination, weak interactions
would easily be disrupted at higher strain, resulting in chain
sliding and hence weakening the modulus of the material.

Stretchable and self-healable conductors are critical in the
field of stretchable electronics. Our group has previously
reported the usage of nickel particles to achieve a self-healing
conductor.?®! Additionally, polymer/silver flake composites
have shown high conductivity as elastic conductors.?’!

Though a P-Cur-Eu/silver flake composite would have good
compatibility with the substrate (P-Cur-Eu), it resulted in the
poor self-healing efficiency (Figure S21, Supporting Infor-
mation). Therefore, we chose P-Cur/sliver flake composites
to function a self-healable conductor instead. Procedures in
preparing samples and the composition are described in the
Experimental Section. Different amounts of the silver flakes
were added to the polymer and the morphology of the compos-
ites was subsequently characterized by SEM (Figure 3a). For all
our prepared test samples, silver flakes were dispersed in the
polymer matrix homogenously. We observed that conductive
network could not form when the silver volume content was
<0.25; however, upon increasing the silver content to >0.41, the
particles were sufficient to form a conductive network.

The conductivity of the composites is as expected from per-
colation theory (Figure 3b). Even when stretched, the high
conductivity of the composites was maintained (Figure 3c).
Resistances of both samples (at both 0.41 and 0.46 silver volume
contents) increased less than 2x of their original values at 200%
strain. We also noted that at 0.46 silver, the resistance increased
to 4x of the original resistance when the strain reached 400%.

Next, we characterized the mechanical and electrical self-
healing properties of the conductive composites. First, the
composites were cut into two distinct pieces. Next, the two
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pieces were aligned and brought back together in close contact
to allow heal at 25 °C. For example, 0.41 silver was cut and
allowed to reconnect. Both of the stress and elongation at
break increased as the healing time increased, with the sample
containing 0.41 silver failing at a strain of 200% after healing
for 8 h at 25 °C (Figure S23, Supporting Information).

Remarkably, 0.41 silver showed electrical self-healing
properties in both the composites and the layer printed on the
self-healing substrate P-Cur-Eu = 3:1 (Figure S24, Supporting
Information). After healing, we observed that a defect was left
in the film and appeared upon initial loading. As the strain
increased, the defect propagated gradually since the applied
stress was primarily concentrated around the defect area. We
observed that our prepared composite material failed when
the strain exceeded 90% (Figure 3d). It was noted that the self-
healing conductor could reach a high conductivity (46 S cm™)
and possessed 90% fracture strain after healing, which is com-
petitive when compared with the reported self-healable conduc-
tors (Figure S25, Supporting Information).

Using our prepared composite material, we proceeded to
fabricate a self-healing conductor, as shown in Figure 3e.
A 1.5 V voltage was applied on a P-Cur/Silver (0.41 volume)
composite sheet and connected with a light-emitting diode
(LED). As expected, the LED turned off when the film was cut.
However, after healing the conductor for 24 h at 25 °C, the light
was observed to turn back on again.

With our elastic and self-healable conductor, we proceeded
to demonstrate a stretchable and self-healable touch pad. Our
demo stretchable touch pad was comprised of a 3 x 3 capacitive
sensor array (Figure 4a), using P-Cur-Eu = 3:1 as the self-healing
dielectric substrate. The capacitive sensor array shared a set of
common bottom electrodes, and blade-coating method was used
to pattern the self-healable silver paste for the top electrodes.
With the fabricated touch pad, we observed that when the
human finger touches each pixel, the capacitance between the top
and bottom electrode changes (Figure 4c). The capacitance
change could also be read at different strain levels (Figure S26,
Supporting Information). We reasoned that it was due to the
electrostatic interference of human finger to surrounding
environment (simulation in Supporting Information and
Figures S27 and S28, Supporting Information). Such changes
could then be read by a specifically designed signal conditioning
circuit (SCC). In the SCC, a 2 MHz oscillator was generated to
function as the source to read the impedance of our capacitance
touch pad sensor array. The signal then traveled through an
envelope detector (a combination of D01, C02, and R0) to exhibit
its amplitude. After digitization using a 1 bit analog—digital con-
verter (ADC), such signal was processed by a microcontroller.
The microcontroller recognized the pixel as to where the signal
originated, and it would then compare the received code with
the originally stored or programmed security code. Depending
on the input five-sequence passcode, the microcontroller would
either generate a green LED if the two codes were matched up
or generate a red LED for mismatched codes (Figure 4d; Sup-
plementary Movie 2). We also noted that all the needed read out
circuit was neatly integrated into a single printed circuit board.

Next, to investigate its healing ability, we first tested the
self-healing property of a single pixel capacitor. As shown
in Figure 4e, the capacitance changed by finger touch could
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Figure 3. Self-healing conductive composites. a) Cross-sectional SEM images of P-Cur/Silver composites. The volume fractions of the silver flakes are
0.25, 0.47, and 0.46 separately. b) Electrical conductivity as a function of silver flake content from four-point probe measurements. Error bars represent
standard deviation from five samples. c) Resistance of the P-Cur/silver flake composites upon stretching. d) Resistance of the self-healed P-Cur/silver
composites during stretching. e) Demonstration of the healing process for a conductive composite with an LED in series with a self-healing electrical

conductor.

recover to its original level after scratching and healing
for =40 s. Furthermore, we used a razor blade to sever the
device into two parts. We then reattached the two distinct
pieces together and allowed healing at room temperature for
24 h (Figure 4f). Interestingly, we observed that high con-
ductivity was highly preserved after healing (Figure S29,
Supporting Information). We next input the correct pass-
code to the pad to ensure its functionality. Furthermore,
even when the healed device was stretched to 80% strain, the
device remained functional (Figure 4g and Supplementary
Movies 3 and 4).

In summary, we demonstrate that by using both Eu-cur-
cumin coordination and H-bonding, we are able to achieve
a material that possesses self-healing property with good
elastic properties, such as high stress at break, high stretch-
ability, and good recoverability. We ascribe this performance
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improvement to the dual-dynamic chemical interaction
system, which is able to generate interchain crosslinking
and microphase-separated structures. Even in the absence of
light or heat stimuli, the damaged film can achieve very high
healing efficiency after 48 h at 25 °C, along with a restoration
up to 98% in its tensile strain. After incorporating conduc-
tive silver flakes into our self-healable polymer, the resulting
composite materials show both excellent mechanical and
electrical self-healing properties. These materials ultimately
allowed for the construction of a stretchable and self-healable
capacitive touch pad.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure 4. Application in a capacitive touch pad device. a) Diagram of the self-healing device, which was composed of three layers: the top layer with
nine square pixels in the size of 5 mm x 5 mm x 0.02 mm was made of the self-healing conductor of 0.41 silver. The intermediated layer was made of
P-Cur-Eu = 3:1 with a thickness of 0.5 mm. The bottom layer in the size of 3 cm x 3 cm x 0.02 mm was made of the same self-healing conductor as
the top layer. b) Circuit diagram of the designed self-healing touch pad. c) Capacitance change when finger touches on a single working pixel and one
neighbor pixel. d) Photos illustrating as how the device functions. The upper picture showed the green light in PCB board turned on after a correct
passcode is pressed. The bottom figure showed the red light turned on after a wrong passcode is input. e) Capacitance before and after scratching and
healing. f) Cutting the device by a razor blade along the middle of the three pixels and then realigning the two cut pieces back together and healing at
room temperature for 24 h. The front and back image after heal was shown. g) After stretching the healing device 85% strain along the vertical direction
to the cutting line, the green light can then be turned on after the correct passcodes were input.
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