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ABSTRACT: Harvesting biomechanical energy especially in
vivo is of special significance for sustainable powering of
wearable/implantable electronics. The triboelectric nanogen-
erator (TENG) is one of the most promising solutions
considering its high efficiency, low cost, light weight, and easy
fabrication, but its performance will be greatly affected if there
is moisture or liquid leaked into the device when applied in
vivo. Here, we demonstrate a multiple encapsulation process of
the TENG to maintain its output performance in various harsh
environments. Through systematic studies, the encapsulated
TENG showed great reliability in humid or even harsh
environment over 30 days with a stability index of more than 95%. Given its outstanding reliability, the TENG has the potential
to be applied in variety of circumstances to function as a sustainable power source for self-powered biomedical electronics and
environmental sensing systems.

KEYWORDS: biomechanical energy harvesting, self-powered biomedical electronics, multilayered encapsulation, flexible,
triboelectric nanogenerator, reliability in harsh environment, waterproofness, corrosion resistance

■ INTRODUCTION

In the past decades, huge efforts have been devoted to develop
new-type alternative energy scavenging devices due to the ever-
increasing energy crisis. The scavenging of energy from the
environment is an ideal solution for sustainably powering the
electronic systems. Several methods to harvest energy from
chemical, mechanical, electrical, thermal, and photovoltaic
processes have been demonstrated, such as using glucose
oxidation, human motion, flow caused vibration, radio
frequency, temperature gradient, and sun radiation,1−5 among
which mechanical energy harvesting has attracted much
attention for its wide distribution and abundance. Previous
existing approaches have been successfully demonstrated to
convert mechanical energy into electricity by electromagnet-
ism6−8 and piezoelectricity.9−15 Recently, a new type of
mechanical-to-electrical energy conversion device termed the
triboelectric nanogenerator (TENG) which is based on the
coupling of contact electrification and electrostatic induction
has been demonstrated.16−20 Considering its high efficiency,
low cost, light weight, and easy fabrication, the TENG can be as
one of the most promising devices to harvest mechanical
energy from environment such as body motion, wind, and
ocean waves.21−26 In addition, the TENG can also be implanted

in vivo as a lifetime power source to drive medical devices such
as pacemaker and sensing systems.27−29 However, the output
performance of the TENG is dramatically affected by factors,
especially humidity.30,31 Thus, it is of great significance and
urgency to develop an complete encapsulation process to
realize high performance TENG under a wide range of harsh
environments.
Package layers are important to the TENG in two aspects.

For one thing, good package layers will protect the components
of the TENG and impede the corrosion from outside
surroundings, thus contributing to a steady performance; for
another thing, the potential leaking risk of materials inside the
TENG can be eliminated, which is especially important when
implanted in vivo.
Here, we demonstrate a newly designed flexible multilayered

encapsulation structure for protecting the TENG from
surrounding humid or even harsh environment. The encapsu-
lated TENG showed outstanding reliability in various working
conditions, which was crucial for mechanical energy harvesting.
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Systematic stability studies of the TENG in humid and harsh
environments were first carried out, which showed that the as
fabricated TENG could survive in solutions with high osmotic
pressure, strong ionic strength, acidity, and alkalinity for over
30 days without sacrificing too much of its output performance.
In addition, the device can also maintain stable performance
after suffering continuous temperature changes and mechanical
impact of millions working cycles. This work may not only pave
a road for the TENG as a sustainable power source for medical
devices but also promote the future development of self-
powered biomedical electronics and environmental sensing
systems.

■ EXPERIMENTAL SECTION
Fabrication of the Nude TENG and the TENG. The as-

fabricated nude TENG is of classical vertical contact-separation mode.
Nanostructured PTFE and rough Al sheet were employed as
triboelectric layers. The nano-PTFE was formed by inductively
coupled plasma (ICP) with the etching gas of Ar, O2, and CF4. The
nano-PTFE film was adhered to a Kapton substrate, and Cu film (100
nm) was deposited on the Kapton by magnetron sputter as electrode.
Two package groups were involved in the encapsulation process of
nude TENG: the first package group is PTFE/PDMS/Al2O3
composite layers, and the second package group is PDMS/parylene
composite layers. Commercial PTFE was used without further
treatment. Then PDMS mixed with specific ratio of curing agent
were spin-coated on the device as the second package layer. After
solidifying in 80 °C for an hour, Al2O3 film (40 nm) was also
deposited by atomic layer deposition (ALD). Another thin layer of
PDMS solution and 5 μm parylene film were further applied in
sequence.
Cell Culture. The L929 cells were purchased from Central South

University (Hunan, CHN). The cells were cultured in a 75 cm2
flask

with RPMI medium 1640 basic (1×), supplemented with 10% FBS
(Gibco) and 1% penicillin−streptomycin solution (Life Technologies,
Shanghai, CHN) at 37 °C in a humidified atmosphere with 5% CO2.
Cell Viability. After being cultured for 3 days, L929 cells were

seeded in culture plates with a density of 104 cells/well. In the
experiment group, cells were cultured on encapsulation materials while
cells were cultured on plates in the control group. Trypan blue staining
showed that 98.5% of L929 cells were positive. The proliferation of the

cultured L929 cells was determined using the MTT (3-{4,5-
dimethylthiazol-2yl}-2,5-diphenyl-2H-tetrazolium bromide) assay.
First, MTT solution (20 μL) was added to each well. Upon incubation
at 37 °C for 4 h in a humidified atmosphere with 5% CO2, MTT was
taken up by active cells and reduced in the mitochondria to insoluble
purple formazan granules. Subsequently, the medium was discarded,
the precipitated formazan was dissolved in DMSO (100 μL/well), and
then the optical density of the solution was evaluated using a
microplate spectrophotometer at a wavelength of 490 nm. The
analytical assays were performed at day 1, day 2, and day 3. At least
four wells were randomly examined each time.

Cell Morphology and Immunofluorescent Staining. The
cytoskeletal and nucleus were stained with Phalloidin and DAPI,
respectively. In detail, the samples were fixed with immunohistochemi-
cally fixed fluid (Beyotime) for 30 min and then rinsed three times
with prewarmed PBS. The samples were blocked with 0.1% BSA
solution for 1 h at 37 °C and then incubated with DAPI (1:400
diluted) and Alexa Fluor Phalloidin 568 conjugate (1:200 diluted) for
2 h at 37 °C.

Characterization Methods. The open-circuit voltage was
measured by Tektronix oscilloscope, the short-circuit current, and
transferred charge were measured using a Keithley 6514 system
electrometer. The fabricated nanostructured PTFE film was processed
by ALD system (Picosun Sunale R-200). The Cu electrode was
deposited by magnetron sputter (Denton Discovery 635) and the
parylene layer was deposited by the parylene coating system (PDS-
2010 Labcoter2). The fluorescence photos of stained cells were
imaged using an inversion fluorescence microscope (Olympus IX71).
All SEM images were taken by Hitachi field emission scanning electron
microscope (SU 8020). All AFM images were taken by Asylum
Research MFP-3D-SA-DV.

■ RESULTS AND DISCUSSION
Figure 1a presents the flexible and multilayered structure of the
fabricated TENG (60 mm × 40 mm × 1.5 mm) which was
composed of the nude TENG (45 mm × 25 mm × 0.9 mm)
and encapsulation structure. The nude TENG mainly consisted
of three components: electrodes, triboelectric layers, and
spacers. Polytetrafluoroethylene (PTFE) film (25 μm) with
surface nanostructures (nano-PTFE) prepared by inductively
coupled plasma (ICP) etching was adopted as one of the
triboelectric layers to increase the output electrical signals

Figure 1. Structure design and working principle of the TENG. (a) 3D explosion view of the TENG. (b) SEM image of the nanostructured PTFE
film; the scale bar is 25 μm. Inset is a magnified view with a scale bar of 2 μm. (c) Cross-sectional SEM image of the encapsulation layers of the
TENG; the scale bar is 100 μm. (d) Photograph of the bent TENG demonstrating its good flexibility. (e) 3D schematic illustration of the working
principle of the TENG.
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(Figure 1b). The nano-PTFE film was adhered to a Kapton
substrate (100 μm), and Cu film (100 nm) was deposited on
the back side of the Kapton by magnetron sputter as one
electrode. A rough Al sheet (90 μm) was employed as both
another triboelectric layer and electrode which was integrated
with a Kapton substrate (220 μm) to increase its flexibility and
strength. The spacer layer (500 μm, PDMS) was placed
between two triboelectric layers to further guarantee the
effective contact and separation process.
The key feature of the encapsulated TENG layout was that

the nude TENG resided in a flexible and laminated structure
which provided isolation from surroundings. Materials with
outstanding biocompatibility and stability were chosen for the
encapsulation of the TENG. PTFE (60 μm) was used as the
first package layer for its good biocompatibility and mechanical
strength,32 which also functioned as a substrate for further
package layers. Polydimethylsiloxane (PDMS) mixed with
specific ratio of curing agent were then spin-coated on the
device for its great flexibility and hydrophobicity. This relative
thick PDMS layer (170 μm) provided the device with
waterproof capability and structural stability under external
force and implanted environment. Al2O3 was then deposited
onto the PDMS layer by atomic layer deposition (ALD)
forming a dense metal oxide protective layer (40 nm) to fill the
gap between polymer chains of PDMS, which significantly
improved the waterproofness and anticorrosion performance of
the TENG.33−35

The above-mentioned layers can be categorized as the first
package group (Group I) because they endowed the TENG
with good water-resisting ability. In order to reduce erosion in
physiological or harsh environment while maintain high
steadiness, the second package group was further applied
(Group II). Parylene-C (5 μm) was deposited by the parylene
coating system to form high density and hole-free coating layer

which is waterproof and anticorrosive.36,37 In addition, to
reduce the unnecessary weak adhesions between particle layers,
a thin layer of PDMS (50 μm) was also added between Al2O3
and parylene. The cross-sectional scanning electron microscopy
(SEM) image of the encapsulation layers is displayed showing
the laminated structure (Figure 1c). A photograph of the bent
TENG showed its great flexibility and deformation-recovery
ability (Figure 1d). Even bended to a bending degree of 50%,
the device could recover to its original state and maintain its
function (Figure S6).
The detailed working principle based on the coupling of

contact electrification and electrostatic induction of the TENG
is illustrated in Figure 1e. Electrons are driven back and forth
through the external circuit when compressed and released,
thus contributing to cyclic alternating signals.
PDMS, Al2O3, and parylene were key components of the

encapsulation layers which endowed the TENG with water-
proofness and corrosion resistance. To prove the existence of
the ultrathin Al2O3 and parylene film, water contact angle
(WCA) and atomic force microscopy (AFM) tests were
adopted. As shown in Figure 2a, the WCA reduced from 94° to
76° after the deposition of Al2O3 and then increased to 111°
after the parylene coating process. This phenomenon consisted
with the intrinsical difference of hydrophobicity of those
adopted encapsulation materials. AFM imaging further
confirmed the flat and hole-free surface of the encapsulation
layers, which was important for their waterproofness. Moreover,
as the parylene deposited, surface structures in nanoscale was
automatically formed, which contributed to its good hydro-
phobicity. The different surface morphologies and hydrophobic
degrees demonstrated the successful encapsulation of the
different layers of PDMS, Al2O3, and parylene.
The effect of the encapsulation process on the TENG output

performance was studied systematically. As illustrated pre-

Figure 2. Characterization and output performance of the TENG in different encapsulation stages. (a) Contact angle data and AFM images of the
PDMS, Al2O3, and parylene film. (b) Statistical graph of the output electrical signals of the TENG in different package status. The measured signals
include open-circuit voltage, short-circuit current, and transferred charge. The package group I is PTFE/PDMS/Al2O3 composite layers, and the
package group II is PDMS/parylene composite layers. (c) Detailed waveforms of the transferred charge, short-circuit current, and open-circuit
voltage of the as-fabricated TENG. (d) Cross-sectional view of the numerical simulation results of electric potential distribution for the TENG in
different package process via COMSOL.
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viously,38,39 the open-circuit voltage and capacitance of the
TENG in vertical contact-separation mode can be described by
the following equations:

σ
ε

=V
x

TENG
0 (1)

ε
=

+
C

S
d xTENG

0

0 (2)

where ε0 is the permittivity in vacuum, σ is the triboelectric
charge density, x is the vertical gap distance between the two
triboelectric layers, d0 is the effective dielectric thickness, and S
is the area of dielectric layer. The value of triboelectric charge
density σ depends on the triboelectric materials and their
contact areas which can be considered as constant in this work.
Based on the theoretical equations, it can be easily

anticipated that the gap distance and dielectric thickness of
the TENG will change accordingly in the encapsulation
process, which in turn affected the output performance of the
TENG. Therefore, the electrical output signals were measured
as encapsulation proceeded. As we described above, two
package groups were applied in the whole process; Group I
contains PTFE, PDMS, and Al2O3, and Group II contains
PDMS and parylene. Detailed values of the output signals in
different stages are depicted in Figure 2b. All of the output

signals experienced a decline as the package process goes on.
The transferred charge, short-circuit current, and open-circuit
voltage of the nude TENG were 31 nC, 2.6 μA, and 200 V,
respectively. While after layer by layer encapsulation processes,
the values still reached to 10.5 nC, 0.8 μA, and 70 V (Figure
2c). The output power of TENG after encapsulation can reach
to 16 μW at the load resistance of 133 MΩ (Figure S7). To
understand the mechanism of the reduction of TENG output
associated with encapsulation process, the electric potential
distribution in the device was simulated using COMSOL. The
model proposed based on the real dimensions of TENG. The
Al2O3 (40 nm) and parylene (5 μm) layers were not involved in
this model because they are ultrathin film comparing to the
entire thickness of whole device (1 mm) and can hardly affect
the mechanical properties of TENG. The simulated open-
circuit voltage of the TENG at different encapsulation stage was
277, 133, and 87.3 V, respectively, which were consistent with
the experimentally measured data. The finite element method
(FEM) results of the electric potential distribution for the
TENG in different package process via COMSOL indicate that
the electric potential of triboelectric layers indeed decline as the
encapsulation process carry on (Figure 2d).
Through the theoretical simulation, the reduction in

electrical outputs can be ascribed to the increasing load burden
of elastic Kapton substrate as encapsulation layers continuously

Figure 3. Transferred charge of the TENG with and without PBS treatment. (a) Transferred charge of the as-fabricated TENG without PBS
treatment. (b) Statistical chart of the transferred charge of the TENG applied in different PBS solution and its stability index. (c) Photograph of the
TENG applied in PBS solution. (d) Measured transferred charge of the TENG after immersing in 0.1×, 1×, and 10× PBS solution and its
corresponding detailed waveforms after immersing for 30 days. The measurement were taken every 24 h.
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piled on. The weakening of reversibility and elasticity resulted
in a smaller space between the two triboelectric layers and
thicker dielectric layers. According to eqs 1 and 2, reduced gap

distance and elevated dielectric thickness will lower the output
performance of the TENG. Moreover, in our experiment, the
existence of the gap between two friction layers will leave some

Figure 4. Stability test of the TENG against solution with different pH values. (a−c) Measured amount of transferred charge of the TENG after
immersing in pH = 1, 7, and 13 solution, respectively. The measurements were taken every 24 h. (d) Detailed transferred charge waveforms of the
TENG after immersing in pH = 1 solution for 30 days. (e) Statistical chart of the transferred charge of the TENG applied in solution with different
pH values and its stability index. (f) Transferred charge of the as-fabricated TENG without acid or alkali solution treatment.

Figure 5. Thermally, mechanically, and biologically characterization of the TENG. (a) Transferred charge of the TENG in solution with different
temperature. (b) Open-circuit voltage of the TENG and its durability test with a magnified view of the waveform in the inset. (c) Fluorescence
images of stained L929 cells that were cultured on encapsulation layers of the TENG; the scale bar is 100 μm. (d) Cell viability after being cultured
for 1, 2, and 3 days. MTT results show that viability of L929 cells was not seriously affected by the encapsulation layers of the TENG.
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air inside the encapsulated device. The residual air has chances
to affect the output performance of our encapsulated device by
partially offsetting the external force and increasing the
resistance of the contact process.
TENG is one of the most promising devices that can harvest

mechanical energy from surroundings, but its performance will
be greatly affected by humid environmental conditions
especially when applied in vivo. To prove the reliability of
applying the TENG in humid atmosphere with different
osmotic pressures as well as the potential for resisting the
accelerated aging caused by the ionic strength in vivo, it was
applied in different concentrations of phosphate buffered saline
(PBS) solution (0.1×, 1×, and 10×), and its electrical outputs
were recorded.
Before treated with PBS solution, the transferred charge of

the TENG was measured as initial state which is shown in
Figure 3a. Then, the TENG was applied in PBS solution with
different concentrations, and the transferred charge was
measured every 24 h (Figure 3b,c). It can be seen clearly
that even after immersed in 10× PBS solution for over 30 days,
the amount of transferred charge was still stable and remained
at around 8 nC, showing the good resistance of the TENG to
water and strong ionic strength. The corresponding short-
circuit current was also stable over the 30 days test (Figure S1).
As described in previous literature on accelerated PBS etching
test,30 the survival of the TENG in 10× PBS for over 30 days
can be as an accelerated test which projected to an improved
chemical stability in the normal physiological condition for over
300 days. Statistical analysis of the transferred charge of the
TENG applied in different PBS solution further proved the
above conclusion. The stability index was an indicator obtained
by the ratio between the outputs of the TENG after and before
treatment which was defined to evaluate its performance in
harsh environment. It can be inferred from Figure 3b that after
experiencing a series of PBS treatment, the stability index of the
TENG is still over 98% compared to the original one. This
demonstrates the reliability of the TENG in humid atmosphere
and the potential for working in physiological conditions.
To test the anticorrosion performance of the TENG and

display the possibility of applying it in harsh environment
especially in strong acid and strong alkali conditions, the TENG
was applied in solution with different pH values. The pH value
gradient we adopted here was pH = 1, 4, 7, 10, and 13 adjusted
by NaOH and HCl. All acidic solution and alkaline solution
were contained in Teflon beakers and sealed to avoid
unnecessary moisture absorption and evaporation.
The TENG was immersed in solution with different pH

values mentioned above; the transferred charges and short-
curcuit current were measured respectively every 24 h (Figure
4a−e, Figures S2 and S3). Figure 4d shows the detailed
transferred charge waveforms of the TENG after immersing in
pH = 1 solution for 30 days, and Figure 4f shows the
transferred charge of the as-fabricated TENG without
interaction with acid or alkali solution. The statistical analysis
chart showed that after immersing in pH = 1, 4, 7, 10, and 13
solution for 30 days, the amount of transferred charge was still
stable and remained at around 10.5 nC (Figure 4e). The
stability index value of the TENG defined previously was higher
than 95% and also showed its great corrosion-resisting
property.
The TENG was immersed in solution with different

temperatures in succession; the temperature gradient was set
10 °C per day. It can be seen from the measured transferred

charge (Figure 5a) that the TENG can endure the thermal
stress in the range of 20−50 °C, which was sufficient for the
TENG to be implanted in vivo. In addition, results from the
penetration test showed that the TENG can survive in 80 °C
red dye solution for 2 h without any leakage (Figure S4). Figure
5b shows the long-term performance of the TENG against
external mechanical force applied by linear motor. Even after 5
million working cycles, the open-circuit voltage of the TENG
maintained stable compared with its initial state (Voc = 70 V)
exhibiting its outstanding durability.
Cell MTT assay was also designed to evaluate the

biocompatibility of the TENG. Mouse fibroblast (L929) was
adopted for the cytotoxicity analysis. L929 cells were seeded on
the encapsulation layers of the TENG and cell culture dish;
their adherence, spreading, and viability were analyzed. The
fluorescence images and SEM image of stained cells showed
explicitly that they adhered to both substrates well with evident
spreading and intact cytoarchitecture (Figure 5c and Figure
S5). The MTT value of the experiment group was similar to the
value of the control group after 3 days of culture. These results
mentioned above not only demonstrated the good cytocompat-
ibility of the TENG but also revealed the leak-free ability of the
encapsulation layers. Therefore, concerns on the potential risk
of hazardous materials inside the TENG such as metal
nanoparticles can be relieved.

■ CONCLUSION
In summary, we have demonstrated a multiple encapsulation
process of the TENG to overcome obstacles when applied in
humid environments. The flexible laminated encapsulation
structures endow the TENG with good waterproofness and
corrosion resistance, allowing its stable output performance in
harsh environment for over 30 days. It has been demonstrated
that the TENG has outstanding reliability in chemically,
physiologically, thermally, and mechanically harsh environment.
This will provide a promising power source for self-powered
biomedical electronics and environmental sensing systems.
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