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ABSTRACT: Owing to wearing and unpredictable damage, the
working lifetime of triboelectric nanogenerators (TENGs) is
largely limited. In this work, we prepared a single-electrode
multifunctional TENG (MF-TENG) that exhibits fast self-
healing, human health monitoring capability, and photothermal
properties. The device consists of a thin self-healing poly(vinyl
alcohol)-based hydrogel sandwiched between two self-healing
silicone elastomer films. The MF-TENG exhibits a short-circuit
current, short-circuit transfer charge, and open-circuit voltage
of 7.98 uA, 78.34 nC, and 38.57 V, respectively. Furthermore,
owing to the repairable networks of the dynamic imine bonds in
the charged layer and the borate ester bonds in the electrodes,
the prepared device could recover its original state after
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mechanical damage within 10 min at room temperature. The MF-TENG can be attached to different human joints for self-
powered monitoring of personal health information. Additionally, the MF-TENG under near-infrared laser irradiation can
provide a photothermal therapy for assisting the recovery of human joints motion. It is envisaged that the proposed MF-TENG
can be applied to the fields of wearable electronics and health-monitoring devices.
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ith the extensive development of modern micro-
Welectronic technology, stretchable, flexible, and

human-friendly electronic devices have attracted
increasing attention in recent years. Triboelectric nanogener-
ators (TENGs) based on the coupling between triboelectrifica-
tion and electrostatic induction are an energy technology that
can convert mechanical energy in the surrounding environment
into electrical energy.'”'Y Owing to their high energy
conversion efficiency, low cost, and the possibility of using
diverse materials, TENGs have been widely utilized in various
fields, such as wearable electronic devices,''™'® Internet of
things,”’15 environmental sensors,"®'” miniaturized sen-
sors, ®7?* and medical treatment.”>™>’ In addition, various
types of TENG with excellent flexibility based on soft materials
have been developed, such as assembled TENGs,”® fabric-based
TENGs,” paper-based TENGs,”” and skin-based TENGs.*'
Therefore, the next generation of electronic devices will exhibit
elastic properties®> > and will be biocompatible.***” Motivated
by the high demand for wearable devices, research groups have
made extensive efforts to develop soft and wearable electronic
devices. Different types of TENG that can monitor human
health information have been reported based on the harvesting

© XXXX American Chemical Society

WACS Publications A

of mechanical motion energies from the human body. Park et
al.*® successfully fabricated an electrospun nanofiber based on
polyvinylidene fluoride/MXene nanocomposites, which was
used as a promising negative triboelectric layer for boosting the
performance of harvesting triboelectric energy. This self-
powered TENG sensor for foot motion could automatically
control the step lights based on the human foot motion on stairs.
Peng et al.¥ reported a breathable, biodegradable, and
antibacterial e-skin based on an all-nanofiber TENG sandwich-
ing a silver nanowire (NW) between polylactic coglycolic acid
and poly(vinyl alcohol) (PVA). This e-skin could achieve self-
powered monitoring of the physiological signal from the whole
body as well as joint motion. However, scratching and interface
friction can cause damage and performance loss in TENG

Received: May 24, 2021

https://doi.org/10.1021/acsnano.1c04384
ACS Nano XXXX, XXX, XXX—-XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yufeng+Ni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinxin+Kong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuyao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangyu+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liqun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong+Lin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.1c04384&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04384?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04384?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04384?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04384?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04384?fig=tgr1&ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.1c04384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano

www.acshano.org

“\(; \f}‘ \/l .

PDA-CNTs/PVA hydrogel

Dehydration,
y O\ /
Hydrolysus

ﬁv\#

i 9 PDA-CNTs/PVA hydrogel

100 200 300 400 500
Strain (%)

i | Self-healing silicone elastomer

Figure 1. Illustration and characterization of the MF-TENG. (a) Preparation process of the PDA-CNTs/PVA hydrogel; (b) Schematic diagram
of the PDA modification of CNTs; (c) Self-healing mechanism of the PDA-CNTs/PVA hydrogel; (d) SEM image of the PDA-CNTs/PVA
hydrogel; (e) Stress—strain curves of (i) pure PVA, (ii) the original PDA-CNTs/PVA hydrogel, and (iii) the self-healed PDA-CNTs/PVA

hydrogel; (f) Schematic structure of the MF-TENG.

devices, which would largely limit their long-term applica-
tions.*”*! Preparing a self-healing TENG with high elasticity is
considered to be a good strategy to solve the above problems. Xu
et al.** reported a fully healable TENG which consisted of
healable polydimethylsiloxane—polyurethane materials and
healable magnetic-assisted electrodes. However, the self-healing
process of this TENG required heating and magnetic electrodes,
which resulted in the device being nonstretchable and inflexible.
Sun et al.”’ reported a self-healing TENG that was obtained by
sandwiching a silver NW/poly(3,4-ethylenedioxythiophene)
composite electrode into a self-healing polydimethylsiloxane
(PDMS) elastomer using dynamic imine bonds to repair the
mechanical damages. Wang et al.”* reported a versatile moist-
electric film generator (MEFG) exhibiting transparency, self-
healing, and flexibility. This MEFG consisted of a conductive Ag
NW network as the electrode and a water-absorbing poly(4-
styrene sulfonic acid) and poly(vinyl alcohol) composite (PSS—
PVA) film as the electricity-generating active material. With the
reconstruction of the damaged PSS—PVA film, which was driven
by hydrogen bond interaction and the reconnection of the Ag
NW layer via the van der Waals force, this MEFG could recover
its original performance.

In this work, a single-electrode multifunctional TENG (MF-
TENG) is proposed, whereby a thin PVA-based hydrogel, which
consists of sodium borate and carbon nanotubes (CNTs)
modified by poly(dopamine) (PDA), here referred to as PDA-
CNTs, was sandwiched between two self-healing silicone
elastomer films. The PVA hydrogel was chosen as the matrix
owing to its environmental friendliness and good biocompat-
ibility with the human skin. Sodium borate was dispersed into
the PVA hydrogel matrix to provide reversible healing sites. At
room temperature, the formation of dynamic borate bonds
endows the hydrogel with self-healing capability. The PDA-
CNTs were incorporated into the PVA hydrogel matrix to
endow the film with high conductivity. PDA improves the
dispersion of the PDA-CNTs in the PVA hydrogel matrix. In
addition, the large amount of catechol and amino groups in PDA

can form reversible hydrogen bonds with the hydroxyl groups in
PVA, which is beneficial for improving the self-healing ability of
the PDA-CNTs/PVA hydrogel. The results show that the
prepared ME-TENG could complete the self-healing process at
room temperature within 10 min, which was accompanied by a
completely recovered electrical output performance. Being a soft
device, the MF-TENG was attached to different human joints to
harvest energy from human motion and output electrical signals
that can provide information about personal health. Further-
more, the PDA-CNTs in the PVA hydrogel provide the MF-
TENG with an effective photothermal therapy, which would
assist the recovery of human joints motion under near-infrared
(NIR) laser irradiation. In addition, the MF-TENG displayed
good shape-tailorable features, which could extend its
application range as a wearable device.

RESULTS AND DISCUSSION

The preparation process and characterization of the ME-TENG
are shown in Figure 1. PVA was used as the hydrogel matrix with
the addition of sodium borate and the conductive PDA-CNTs to
prepare the self-healing PDA-CNTs/PVA hydrogel. The
detailed preparation process of the PDA-CNTs/PVA hydrogel
is displayed in Figure 1a. The CNTs could determine the relative
resistance change and provide the photothermal effect of the
MF-TENG. Due to the large difference in surface energy
between PVA and the CNTs, the CNTs usually gather together
spontaneously to form aggregations in the PVA matrix, which
would damage the flexibility of the MF-TENG. Therefore,
dopamine (DA), which is the main ingredient of mussel
adhesive proteins, was used to modify the surface of the CNT's to
improve the interfacial compatibility between PVA and the
CNTs. As shown in Figure 1b, in a weakly alkaline environment,
the DA could spontaneously oxidize and polymerize to form a
PDA network on the surface of the CNTs.>® The thermogravi-
metric analysis (TGA) curves of the pristine CNTs and PDA-
CNTs are shown in Supporting Information (SI) Figure SI.
After heating to 800 °C, the mass residue of the pristine CNTs
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Figure 2. (a) Schematic illustration of the working mechanism of the MF-TENG in single-electrode mode; (b) Open-circuit voltage of (i) the
original and (ii) the self-healed MF-TENG; (c) Real-time responses of the bending of fingers acquired via five channels made of the MF-TENG.

and PDA-CNTs are found to be 98.4% and 75.3%, respectively.
As the weight loss for the CNTs is 1.6%, the weight loss for PDA
is found to be 23.1%. Up to now, the exact mechanism of the
PDA action is still unclear. One possibility may be that the
protons of the dihydroxy group in DA generate S§,6-
dihydroxyindole (DHI), which then further oxidizes and
polymerizes to form PDA. The self-healing process of the
PDA-CNTs/PVA hydrogel can be described in terms of both
physical and chemical mechanisms. From the perspective of the
physical mechanism, after the PDA-CNTs/PVA hydrogel was
divided into two parts, the photothermal activity of PDA and the
CNTs in the PDA-CNTs/PVA hydrogel caused by the
stimulation of the NIR laser radiation raised the temperature
of the PDA-CNTs/PVA hydrogel within a short time. Then, the
crystallites in PVA begin to melt, and the molecules of the PVA
chains reorganize, resulting in the PDA-CNTs/PVA hydrogel
gradually healing itself in the damaged area. From the
perspective of the chemical mechanism, the borate ions are
complexed with the hydroxyl groups of the PVA crystal,
permitting the chemical self-healing process to occur, as shown
in Figure 1c. In addition, the catechol and amino groups in PDA
could form reversible hydrogen bonds with the hydroxyl groups
in PVA. These factors simultaneously endow the PDA-CNTSs/

PVA hydrogel with excellent self-healing ability. Owing to the
strong interface interaction between the PDA-CNTs and the
hydrogel, the PDA-CNTs are uniformly dispersed in the matrix,
forming the conductive network, and enhance the conductivity
of the PDA-CNTs/PVA hydrogel, as shown in the scanning
electron microscopy (SEM) image (Figure 1d). On the other
hand, we deposited Ag nanoparticles (NPs) on the surface of the
PDA-CNTSs and observed the dispersion of the Ag element in
the hydrogel through electronic data switching (EDS) to
demonstrate the dispersion of the PDA-CNT's in the PVA matrix
(SI Figure S2). The Ag-PDA-CNTs/PVA hydrogel was
prepared as follows. First, a certain amount of the PDA-CNTs
and AgNO; solution were mixed in an alkaline solution under
stirring for 12 h. Due to the weak reducibility of dopamine, silver
NPs were deposited on the surface of the PDA-CNTs via a
reductive reaction to form a hybrid filler (denoted as Ag-PDA-
CNTs). Then, the Ag-PDA-CNTs were dispersed into the PVA
hydrogel to form the Ag-PDA-CNTs/PVA composite. From SI
Figure S2, it can be observed that the Ag element is aligned and
uniformly dispersed, which demonstrates that the PDA-CNTs
are well dispersed in the PVA matrix. It should be noted that, in
the absence of external stimuli, the PDA-CNTs/PVA hydrogel
could not only rebuild its structure but also resume its
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conductive behavior within a short time, which can be
demonstrated by connecting the PDA-CNTs/PVA hydrogel
and a light-emitting diode (LED) within the same circuit (SI
Figure S3a and SI Video S1). When the PDA-CNTs/PVA
hydrogel was cut, the LED could not be lit. However, when the
cross sections were again put in complete contact, the hydroxyl
groups and borate ions between the cross sections quickly
recombined to form hydroxyl bonds and borate ester bonds,
thus resulting in a fully recovered PDA-CNTs/PVA hydrogel.
Although the PDA-CNTs do not intrinsically possess a self-
healing ability, they could be put back in contact through the
self-healing process of the PDA-CNTs/PVA hydrogel, which
restored the conductivity. As a result, the self-healed PVA
hydrogel could light the LED again. In addition, the electrical
resistance of the PDA-CNTs/PVA hydrogel before and after
self-healing was tested, and the results showed that the original
electrical resistance was 7.65 MQ, while the self-healed PDA-
CNTs/PVA hydrogel had a resistance of 7.80 M. This
indicates that the conductivity of the PDA-CNTs/PVA hydrogel
remains almost the same after self-healing. This result
demonstrates the excellent self-healing ability and electrical
conductivity of the PDA-CNTs/PVA hydrogel. In addition, the
PDA-CNTs/PVA hydrogel displayed a relatively good self-
healing ability in a water environment. As shown in SI Figure
S3b, when water was dropped onto the cut PDA-CNTs/PVA
hydrogel, the cross sections of the PDA-CNTs/PVA hydrogel
could still be joined together. However, some defects occurred at
the joint, which can be ascribed to the PDA-CNTs/PVA
hydrogel absorbing some water and swelling, hindering the full
formation of the dynamic borate ester bonds. Figure le shows
the stress—strain curves of pure PVA as well as of the original and
self-healed PDA-CNTs/PVA hydrogel. The tensile strain and
strength of the original PDA-CNTs/PVA hydrogel reached
450% and 0.44 KPa, respectively, owing to the reinforcing effect
of the PDA-CNTs. As shown in SI Video S2, a highly stretchable
PDA-CNTs/PVA hydrogel (stretch ratio 4 = 3) was obtained.
Without external stimuli and within 10 min of self-healing, the
tensile strain of the self-healed PDA-CNTs/PVA hydrogel
reached 388%, illustrating that the self-healing rate of the PDA-
CNTs/PVA hydrogel is 86% (Figure le). Figure 1f shows the
preparation process of the MF-TENG, which consists in
sandwiching the PDA-CNTs/PVA hydrogel between two self-
healing silicone elastomer films.

The basic working mechanism and electrical output perform-
ance of the MF-TENG are shown in Figure 2. The as-prepared
MEF-TENG works in a single-electrode mode under the coupling
between triboelectrification and electrostatic induction (Figure
2a). When the MF-TENG contacts the skin, electrification
occurs at the contact interface, and a large number of charges
with opposite polarity are generated (Figure 2a (i)). Due to the
higher surface electron affinity of the silicone elastomer, the
human skin surface is positively charged. The surface charge
density of the triboelectric layer plays a critical role in achieving a
high output performance of TENG. Improving the relative
permittivity of triboelectric layer is beneficial for improving the
output performance of TENG. However, when the conductivity
of triboelectric layer increases and there is percolation in the
triboelectric layer, the output performance of TENG
decreases.”> When the skin is separated from the ME-TENG,
positive charges are generated in the PDA-CNTs/PVA
hydrogel, which are inside the MF-TENG (Figure 2a (ii)). At
this time, electrons from the hydrogel flow to the ground
through an external circuit and generate an electrical signal.

When the skin and ME-TENG are completely separated, the
positive charges in the hydrogel and negative charges in the
silicone elastomer layer are balanced; thus, there is no electron
flow in the external circuit (Figure 2a (iii)). When the skin
moves back again, the electrons flow from the ground to the
electrode through an external circuit, generating an electrical
signal in the opposite direction (Figure 2a (iv)). Therefore, the
role of the conductive triboelectric layer in terms of the electrical
output performance is that of inducing an electric charge and
acting as a wire. The triboelectric performance of the self-healing
silicone elastomer was tested using a linear motor, and the
corresponding results are shown in SI Figure S4. During testing,
the self-healing silicone elastomer acts as a triboelectric layer,
while a copper foil (30 X 30 mm?) was used as another
triboelectric layer. From SI Figure S4, it can be found that the
open-circuit voltage (V,.), the peak value of the short-circuit
current (I.), and the transfer charge (Q,.) of the self-healing
silicone elastomer are 50.1V, 6.9 yA, and 63.3 nC, respectively.
As shown in Figures 2b (i) and (ii), the corresponding V. values
of the original and self-healed MF-TENGs are 38.57 and 37.17
V, respectively. In addition, the peak values of I of the original
and self-healed MF-TENGs are 7.98 and 6.28 pA, respectively,
as shown in SI Figure S5a. The Q,. values of the original and self-
healed MF-TENGs are 78.34 and 62.53 nC, respectively. The
comparison of the electrical output performance between the
original and self-healed MF-TENGs is shown in SI Table SI.
From Figure 2b and SI Table S1, it is found that the self-healed
V. is slightly less than the original V., which is ascribed to the
fact that the surface characteristics and inner structure of the
MF-TENG do not recover their original state completely.
However, the self-healed and original V. values are of the same
order of magnitude, indicating the highly efficient self-healing
ability of the prepared nanogenerator. In addition, the durability
of the MF-TENG was measured, and the V, I, and Q. values
remain almost the same over 500 cycles, demonstrating the
highly stable electrical output performance of the ME-TENG
(SI Figure S6). Moreover, the ME-TENG was used to charge a
2.2 uF capacitor by using a linear motor, and the result is shown
in SI Figure S7.It can be seen that the MF-TENG increased the
voltage from 0 to 2 V and continuously charged the capacitor for
around 300 s. Figure 2c shows an application of the ME-TENG
in the wearable technology field. A smart electronic data glove
that could detect human gestures was prepared. The electronic
data glove combined five MF-TENGs, which were connected to
different human fingers. Due to the low cross-linking density of
self-healing silicone elastomer, MF-TENG can be adhered to
human skin within a short time. However, the repeated bending
of human joints, sweat, and air humidity will decrease the
adhesion ability of ME-TENG. As a result, we used tape to fix the
MEF-TENG on fingers during the repeated testing. A customized
data acquisition system with five channels and a real-time
analysis software capturing and displaying the electrical signals
on the computer was developed in conjunction with the smart
electronic data glove. The electrical signals generated by human
gestures were tested through each channel. When one finger was
bent, the voltage of the corresponding channel in the ME-TENG
increased significantly, while the voltage of the other channels
remained in the original state. In the future, this smart electronic
data glove could be used in conjunction with artificial
intelligence. Furthermore, the recognition of more complex
gestures could be achieved through machine learning and self-
training. This smart electronic data glove could help blind
people to type on a keyboard or convert language into a
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Figure 3. Application of the MF-TENG to different joints of a human body for large-scale human motion. (a) Photos of the MF-TENG attached
to different joints of the human body; (b) Relative resistance variations of the MF-TENG attached to the wrist, elbow, and knee joints motion at
different bending angles; (c) Open-circuit voltage of the original and self-healed MF-TENG for the wrist, elbow, and knee joints motion at the

ultimate bending angle, respectively.

machine-recognizable language and output the corresponding
sound. Besides the excellent self-healing ability, the prepared
MF-TENG exhibited a good shape tunability, which could
further expand its application. As shown in SI Figure S8a, the
original device was cut into many squares with the same size,
which could be assembled into different MF-TENG shapes
(shapes 1—4) via the self-healing process. SI Figure S8b shows
the V.. and I of the original MF-TENG and the ME-TENG
with different shapes, respectively. All the different ME-TENG
shapes exhibited an output electrical performance similar to that
of the original device. The V. and I, values of the MF-TENG
with different shapes were restored to about 39 V and 5.3 pA (SI
Figure S8b), respectively, demonstrating the excellent shape
tunability of the MF-TENG.

In order to further explore the application of the ME-TENG
in real life, the as-prepared device was mounted on a human
elbow, knee, and wrist joints (Figure 3a). It can be seen that the
MEF-TENG can be adhered to these joints and changed its
deformation to adapt to the joint motion. As the bending angle
increased, the distance between the conductive PDA-CNTs in
the matrix increased, resulting in a greater change in the relative
resistance of the MF-TENG. Therefore, the relative resistance
change in the MF-TENG (i.e,, AR/Ry = (R,,—R,)/R,, where R,
and R, correspond to the real-time resistance and initial
resistance during the measurement process, respectively) was
measured under different bending angles for three human joints

(namely, the wrist, elbow, and knee joints (Figure 3b)) to
evaluate their health. When the wrist, elbow, and knee joints
gradually bent to 45°, the relative resistance changes are 0.308,
0.509, and 0.685, respectively. With a bend angle of 90°, the
relative resistance changes are 1.039, 1.102, and 1.167,
respectively. When the elbow and knee joints bent to the
bending angle of 135°, the relative resistance changes are 2.252
and 2.795, respectively. As the deformation increases, the
resistance value of the device increases. Although the device is
bent up to 90° at different joints, the deformation of the device is
different. The deformation of the MF-TENG at the wrist joint is
the smallest, while that at the knee joint is the largest. The effect
of the relative change in resistance of the PDA-CNTs/PVA
hydrogel on the electrical output performance of the TENG is
shown in SI Figure S9. Compared with the initial state (4 = 1),
there is a slight decline (~30%) in electrical output performance
after the MF-TENG is stretched to A = 1.5, which is attributed to
the resistance increment of the PVA hydrogel electrode.
However, when the MF-TENG recovers to the stretched state,
the electrical output performance is comparable with the initial
value, indicating no degradation of the MF-TENG. Therefore,
based on the change in the relative resistance, the MF-TENG
could be applied to detect the recovery state of the injured joint.
If the damaged human joint was fully recovered, the AR/R, ratio
would recover the value of a healthy human joint. In addition,
the MF-TENG could be used to convert the mechanical energy
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Figure 4. (a) Simulation diagram of the photothermal treatment; (b)

Photothermal curves of (i) pure PVA, (ii) the CNTs/PVA hydrogel, (iii)

the PDA-CNTs/PVA hydrogel, and (iv) the MF-TENG under exposure to NIR laser light with a power density of 1 W/cm?; (c) Photothermal

images of (i) pure PVA, (ii) the PDA-CNTs/PVA hydrogel, and (iii)

the MF-TENG; (d) Photothermic stability of the MF-TENG under laser

irradiation with a power density of 1 W/cm? for five on/off cycles; (e) Bending detection of the finger in (i) the healthy state, (ii) the injured

state, and (iii) at completion of the photothermal treatment.

collected from the motion of the human joints into electrical
energy and output the corresponding electrical signals. Figure 3¢
shows the V. values of the original and self-healed MF-TENG
for the wrist, elbow, and knee joints motion at the ultimate
bending angle, respectively, displaying a relatively high stability.
In addition, it can be seen from SI Figure S10a,b that the I, and
the average Q. values of original and self-healed MF-TENG for
the wrist, elbow, and knee joints motion at the ultimate bending
angle are also relatively stable within a certain range. It is worth
noting that, after the MF-TENG was cut using a commercial
blade, the output electrical performance of the self-healed MF-
TENG on the human joints recovered its initial state, which is
ascribed to the excellent self-healing ability of the MF-TENG
(Figures 3c, SI Figure S10a,b).

It was interesting to find that the PDA-CNTs in the matrix
could not only enhance the mechanical strength of the PDA-
CNTs/PVA hydrogel, but it also acted as a photothermal
conversion agent for increasing the temperature of the MF-
TENG. The increased temperature is a benefit to accelerate the
microcirculatory blood flow and relieve pain in the injured area
when exposed to NIR laser light46_48 (Figure 4a). From Figure
4b, it can be observed that the temperature of the PDA-CNTSs/
PVA hydrogel increased from 25 to 62 °C within S min under
808 nm laser irradiation (1 W/cm?). However, the heating rate
of the MF-TENG was less than that of the PDA-CNTs/PVA
hydrogel in the same conditions, which is attributed to the poor
thermal conductivity of the self-healing silicone elastomer on the
outer of the PDA-CNTs/PVA hydrogel. By contrast, the low

heating rate is beneficial for avoiding burning of the skin around
the wound within a short time (Figure 4c). As shown in Figure
4d, the MF-TENG exhibits a stable photothermal performance
over five laser on/off heating cycles. In order to further verify the
effect of photothermal treatment, we adhered the MF-TENG on
the finger and tested the blood flow velocity in fingertip before
and after laser irradiation. The result showed that the blood flow
velocity of fingertip is 482 pm/s on 37 °C. However, the blood
flow velocity increased to 557 pm/s when the temperature of
fingertip increased to 60 °C after photothermal treatment. In
addition, the MF-TENG was placed on an injured finger for
detection and treatment. Figures 4e (i), (ii), and (iii) show the
output voltage and waveform when the finger is in a healthy
state, injured state, and at completion of the photothermal
treatment, respectively. Compared with the single-peak wave-
form of the injured state, the double-peak waveform of the
healthy state and of the state at completion of the photothermal
treatment indicates that complete motion of the finger joints is
possible. At the same time, the voltage after treatment is 1.78 V,
which is close to the value of the healthy finger joint (1.97 V),
proving that the MF-TENG has a photothermal treatment
ability and can assist the recovery of finger joint motion. We also
tested in real time the V. of the finger joints in fully bent and
semibent states (SI Video S3). From SI Video S3, a bimodal
voltage waveform can be seen when the finger is fully bent, while
a single-peak voltage waveform is found when the finger is
semibent. However, when the finger is extended with rest
without motion, the detection machine displays a horizontal
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signal. In addition, the cell viability of PVA and the PDA-CNTs/
PVA hydrogel as a function of the incubation time is displayed in
SI Figure S11, indicating their good biocompatibility. Due to the
fact that the PVA hydrogel and self-healing silicone elastomer
are not biodegradable, the MF-TENG does not possess
biodegradability. In recent several years, biodegradable materials
have been widely applied in flexible wearable electronic devices
due to their biodegradability, biocompatibility, and recyclability.
In our future researches, we will try to develop biodegradable
materials and apply them on the flexible wearable electronic
devices.

CONCLUSIONS

A self-healing and elastic MF-TENG, consisting of a thin
conductive self-healing PDA-CNTs/PVA hydrogel sandwiched
between two healable silicone elastomer films was successfully
prepared. In the self-healing PDA-CNTs/PVA hydrogel, the
sodium borate provided reversible healing sites, while the PDA-
CNTs endowed it with high electrical conductivity and
photothermal properties. In addition, the PDA-CNTs/PVA
hydrogel exhibited excellent mechanical properties with a large
tensile strain of 450%. This MF-TENG could be easily tailored
and implemented into devices wearable on different joints of the
human body to collect health information, which can be used to
determine the recovery state of the joints by comparing electrical
output performance. It is worth mentioning that, with NIR laser
irradiation, the temperature of the MF-TENG could increase
gradually from 25 to 60 °C in S min, which could provide a
photothermal therapy. Owing to its excellent self-healing
properties, capability to monitor human joint health, and
excellent photothermal properties, this ME-TENG could be
widely used in health and exercise monitors, soft robots, and
wearable electronics.

EXPERIMENTAL METHODS

Materials. DA (C;gH,;NO,-HCI, 98%) and Tris (C,H;;NO;, 99%)
were obtained from the Sigma-Aldrich Corp. CNTs were purchased
from Chengdu Institute of Physics and Chemistry. Poly(vinyl alcohol)
(PVA-1799) was purchased from Macleans Chemical Reagent Co., Ltd.
The self-healing silicone elastomer (AD-549) was obtained from
Guangzhou Xinguan Chemical Co., Ltd. Sodium tetraborate
decahydrate (Na,B,0,-10H,0) and 1,4-Phthalaldehyde (623—27—
8) were commercial products.

In Situ Polymerization of DA Deposited onto the CNTs. The
pristine CNTs (0.2 g) were first immersed in 100 mL of DA solution
(2.0 mg/mL, 0.12S g Tris, pH 8.5) and left under vigorous magnetic
stirring for 24 h. Next, the as-formed PDA-CNTs were filtered off
through a cellulose filter paper and dried in a vacuum oven at 60 °C.

Fabrication of the Self-Healing PDA-CNTs/PVA Hydrogel.
PVA-1799 (6 g) and PDA-CNTs (0.2 g) were mixed with S5 mL of
deionized water. Then, the temperature was increased to 110 °C, and
the mixture was stirred for 5 h until a gel-like mixture was obtained.
Next, the Na,B,0,-10H,0 solution was directly added to the gel-like
mixture, and stirred at 95 °C for another 5 min. Then, the PDA-CNTs/
PVA hydrogel was poured into a hollow steel plate mold with a height of
1.0 mm, and a 20 kg load was pressed on the hollow steel plate mold for
2 min. Then, the self-healing PDA-CNTs/PVA hydrogel was placed
into the mold for a freezing/thawing treatment (freezing at —20 °C for
1 h followed by defrosting at room temperature for 6 h). Finally, the
freezing/thawing procedure was performed one to three times to obtain
the final product.

Fabrication of the MF-TENG. In a previous study, we developed a
self-healing silicone elastomer based on dynamic imine bonds, which
could self-heal within 0.5 h under no external stimulus.* This self-
healing silicone elastomer with an electrical resistance of 2.24 X 10" Q
was used as the synthetic platforms for the present study. First, the

poly(amine-dimethylsiloxane) (PDMS-NH,) and curing agent (ter-
ephthalaldehyde) were mixed in a ratio of 200:1 (m/m); then, the
mixture was coated onto a mold with a thickness of around 1.0 mm. The
dynamic imine bonds in self-healing silicone elastomer act as both the
polymer cross-linking and self-healing points of the PDMS-NH,
networks. Next, a piece of the self-healing PDA-CNTs/PVA hydrogel
with a certain size was placed on top of the previous self-healing silicone
elastomer. Then, another layer of the self-healing silicone elastomer
with a thickness of about 1.0 mm was coated onto the surface of the
PDA-CNTs/PVA hydrogel to form the MF-TENG with a sandwich
structure. The dimension of the ME-TENG is 40.0 X 40.0 X 3.0 mm®,
while the dimension of the within PDA-CNTs/PVA hydrogel is 30.0 X
30.0 X 1.0 mm>. The dimension of the MF-TENG attached at different
human joints (wrist, elbow, and knee joints) is 90.0 X 45.0 X 3.0 mm®,
while the dimension of the within PDA-CNTs/PVA hydrogel is 70.0 X
20.0 X 1.0 mm?®. The dimension of the MF-TENG attached at finger
joints is 40.0 X 20.0 X 3.0 mm?, while the dimension of the within PDA-
CNTs/PVA hydrogel is 25.0 X 10.0 X 1.0 mm®.

Measurements and Characterization. The typical electrical
output performance of the MF-TENG and self-healing silicone
elastomer was measured by using a linear motor at 1.5 Hz and 2 cm
and a Keithley electrometer 6514. The electrical output performance of
the MF-TENG on human joints were recorded using a Keithley
electrometer 6514. The SEM and EDS images were acquired using a
Zeiss Gemin300. The stress—strain curves of dumbbell samples were
measured using an Instron 3366 testing machine. The maximum test
stress is 10 kN, and the tensile speed is 50 mm/min. The samples have a
width of 6 mm, a thickness of 1 mm, and a standard distance of 60 mm.
The self-healing PDA-CNTs/PVA hydrogel was exposed to the 808 nm
laser with a power density of 1 W/cm? The temperature changes of the
self-healing PDA-CNTs/PVA hydrogel were recorded using a thermal
infrared imaging camera (Flirone pro). Cell viability was measured
using MTT assays.
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