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ABSTRACT: In vivo biomechanical energy harvesting by implanted nanogenerators (i-NGs) is promising for self-powered implantable medical devices
(IMDs). One critical challenge to reach practical applications is the requirement
of continuous direct-current (dc) output, while the low-frequency body activities
typically generate discrete electrical pulses. Here, we developed an ultrastretchable micrograting i-NG system that could function as a battery-free dc
micro-power supply. Packaged by a soft silicone elastomer with a cavity design,
the i-NG exhibited an ultralow Young’s modulus of ∼45 kPa and a high
biocompatibility to soft biological tissues. The i-NG was implanted inside the
abdominal cavity of Sprague Dawley adult rats and directly converted the slow
diaphragm movement during normal respiration into a high-frequency alternative
current electrical output, which was readily transmitted into a continuous ∼2.2 V
dc output after being integrated with a basic electrical circuit. A light-emitting
diode was constantly operated by the breath-driven i-NG without the aid of any
battery component. This solely biomechanical energy-driven dc micro-power supply oﬀers a promising solution for the
development of self-powered IMDs.
KEYWORDS: implantable nanogenerator, energy harvesting from respiration, implantable medical devices, battery-free system,
direct-current micro-power source

■

INTRODUCTION
The rapid advancement of implantable medical devices
(IMDs) is revolutionizing the healthcare industry nowadays.1−3 As modern IMDs being made smaller, lighter, safer,
and more eﬀective and durable owing to the technology
revolution of microelectronics, their electrical power source,
however, appeared to be a more and more serious limitation
for future device development. Majority of current IMDs are
powered by conventional primary or secondary batteries that
contribute up to 90% weight and volume of the entire
device.4,5 Replacement of or recharging the batteries requires
substantial surgical or technical eﬀorts, introducing additional
suﬀering and complexity to the patients. Besides, other
potential issues related to batteries such as overheat induced
by mechanical stress and leakage of toxic electrolyte further
prohibit the advancement and miniaturization of IMDs.
Therefore, increasing eﬀorts are now being focused on the
© XXXX American Chemical Society

innovation of designated IMD power sources that are
biocompatible, biosafe, ﬂexible, and with a longer lifetime.
Most IMDs have a power requirement at the micro to milli
watts scale (Table S1). For instance, the state-of-the-art
pacemaker has a power consumption of 5−10 μW. 6
Considering that the human body is a rich source of energy
with average stored energy equivalent to 3 V battery with
approximately 55 000 A·h capacity (Supporting Information
S3),7−9 energy harvested from body motions, heat, and body
ﬂuids can be quite suﬃcient for the operation of IMDs and
thereby enables self-powered capability bypassing the requirement of batteries. So far, various energy harvesters that operate
either in vitro6,10,11 or in vivo6,12−15 have been demonstrated.
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Figure 1. Nanogenerator design and electrical output characterization. (a) Schematic diagram showing the in-plane sliding mode of a triboelectric
nanogenerator. The middle inset is a scanning electron microscopy image of the nanostructured PTFE surface. Scale bar is 1 μm. The left and right
insets show the electrode design and geometric parameters. (b,c) Voltage (b) and short-circuit current (c) outputs of the triboelectric
nanogenerator with diﬀerent electrode ﬁnger widths, when they were stretched to the same displacement of 4 mm at 1 Hz frequency. (d) Enlarged
current output proﬁles during one sliding cycle. (e) Voltage measured on a 0.1 μF capacitor when charged by the four diﬀerent NGs.

i-NG polymer ﬁlm and soft biological tissues (e.g., the
commonly used Kapton ﬁlm without any speciﬁc structure
design has a Young’s modulus of 2−5 GPa28,29), which
inevitably leads to low energy conversion eﬃciency as well as
multiple side eﬀects to the host.
Among the several TENG operation modes, the sliding
mode based on grating electrodes bestows NG with the unique
capability of frequency transforming. It could be a good
solution for converting slow biomechanical motions into
continuous electric signals. In this work, we reported an
ultrasoft and stretchable i-NG system with a tissue-comparable
Young’s modulus, which could function as a battery-free dc
micro-power supply. Because of the central-cavity package
design, the i-NG exhibited an extremely low Young’s modulus
(∼45 kPa) that matches most soft tissues in the body (5−100
kPa). Additionally, the design of microscale interdigital
electrodes (IDEs) enabled an eﬀective transformation of
slow linear motion into a high-frequency sinusoidal output.
The output power could be further improved by implementing
multiple tribo-active layers. When implanted inside the
abdominal cavity of Sprague Dawley (SD) adult rats, the iNG successfully converted the slow diaphragm movement
during normal breath into high-frequency electric signals,

As an example, the electromagnetic energy harvester has
appreciable outputs from several microwatts to hundreds of
milliwatts when driven by the vibration stimulation with
diﬀerence frequencies11,15 and exhibits promising potential to
serve as power supply for various IMDs.16 Meanwhile,
implantable nanogenerators (i-NGs) based on the principle
of either triboelectric (TENG)17−22 or piezoelectric12,23,24
have been designed to convert biomechanical energy into
electricity. Compared to other technologies, such as implantable thermoelectric generator and electromagnetic generator, iNGs are highly eﬃcient, ﬂexible, and lightweight, exhibiting
excellent compatibility to tissues and organs. Nevertheless,
unlike other mechanical energy sources, nearly all body
activities, such as heart beat, breathing, and muscle stretching,
are resident at the low-frequency regime (<5 Hz). Therefore,
the outputs of state-of-the-art i-NGs are always in a form of
largely discrete pulses which are impractical as direct power
sources.23,25,26 Although their theoretical output power
(instant power reached up to 20 μW when implanted on
pig’s heart27) could be suﬃcient for IMDs, the battery
component is still needed in the i-NG design to produce a
steady useable direct current (dc) output. Moreover, a large
mismatch in the mechanical properties still exists between the
B
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Figure 2. I-NG design and characterization. (a) Schematic diagram showing the packaging conﬁguration of an i-NG. The inset is a digital image of
a packaged i-NG that was stretched. The scale bar is 1 cm. (b) Strain and stress curves of the i-NG without a central cavity design (violet hexagon),
the pure Ecoﬂex material (black squares), i-NG devices with a double triboelectric unit (red triangles) and single unit (blue dots), and an
unpackaged triboelectric pair (orange diamonds). The inset is an enlarged ﬁgure of curves concentrated at lower stress. (c) Fluorescence
microscope image of 3T3 ﬁbroblast cells stained by Texas Red-X phalloidin and Hoechst. (d) Cell viability as a function of time. The cells were
cultured on the surface of the Ecoﬂex layer as the experimental group and on a culture dish as the control group. (e) Left panel is the output voltage
and current dependence of the i-NG on the load resistance at a frequency of 1 Hz and at a low driven speed of 4 cm/s. The right panel is the
calculated instantaneous output power with respect to the resistance load.

ethylene (PTFE) (50 μm). Individual ﬁngers of IDEs had a
width of a1 (100−900 μm) with a length of a2 (1 cm) and
separated by a gap of a3 (100 μm). Dense nanowire arrays
were created on the surface of PTFE by the inductively
coupled plasma (ICP) to further enhance the contact area and
surface charge density.32,33 The middle mobile layer was
composed of a central PET ﬁlm (50 μm) sandwiched between
two PTFE ﬁlms (50 μm). Cu/Cr metal strips were deposited
on the PTFE ﬁlm. The detailed fabrication process is included
in Figure S1.
To investigate the electrode geometry-related electrical
output, four TENGs with IDE ﬁnger widths of a1 = 900,
400, 200, and 100 μm at a ﬁxed gap (a3 = 100 μm) (Figure S2)
were evaluated. The width (b1) and gap (b3) of metal strips in
the middle layer were reconﬁgured accordingly following the
relations: a1 = b1 and b3 = 2a3 + a1. The length (b2) has a
constant value of 0.8 cm. Matching of the periodicities of IDEs
and metal strips is essential for maximizing the output (details
elaborated in Figure S3). The TENG outputs were measured
by sliding the middle layer back and forth at a constant low
velocity of 4 cm/s mimicking the motion of the diaphragm.
The relative displacement between the two sets of electrodes
was kept at 4 mm. As shown in Figure 1b, the highest peak-topeak voltage (Vpp) was ∼800 mV from the TENGs with
electrode widths of 400 and 200 μm. The device with the
largest electrode width of 900 μm yielded the lowest output of
300 mV. Although the 100 μm electrode width design enabled
the densest output peaks, relatively low voltages were obtained

which were readily transmitted into a continuous ∼2.2 V dc
output on a light-emitting diode (LED) load after being
integrated with a basic electrical circuit (rectiﬁer and
capacitor). This work distinguishes from previous arts of in
vivo energy harvesting (Supporting Information Table S2),
such as the breathing energy harvesting by Zheng et al.21 in
terms of the i-NG design, enhanced high-frequency electrical
output, and biologically comparable mechanical property. This
direct in vivo conversion of biomechanical energy into useful
electricity for continuous operation of small electronics
demonstrated a successful battery-free technology for selfpowered IMD systems.

■

RESULTS AND DISCUSSIONS
Micrograting Nanogenerator Design and Characterization. Finer grating shortens the time to transport induced
charges between the electrodes, resulting in higher output
current and larger amount of transported charge with ﬁxed
dimension and at constant velocity. A micrograting TENG
electrode was therefore selected and designed to achieve a
desired magnitude and frequency of electric output.30,31 As
presented in Figure 1a, the TENG had a multilayered
structure, including two symmetric electrode layers (top and
bottom layer) and one mobile layer for electriﬁcation (middle
layer). Each electrode layer consisted of Cu/Cr IDEs deposited
on a ﬂexible polyethylene terephthalate (PET) substrate (50
μm thickness) and covered by a thin layer of polytetraﬂuoroC
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(Vpp ≈ 500 mV). Short-circuit currents (Isc) were measured
from the four TENGs under the same mechanical displacement conditions. A similar trend of Isc change was observed in
correlation with the electrode width. The highest peak-to-peak
Isc of ∼0.9 μA was obtained from the 400 to 200 μm
electrodes, whereas the 900 μm electrodes yielded the lowest
Isc of ∼0.3 μA (Figure 1c). The best performed 200 μm
electrode design could be attributed to the optimal surface area
for charge collection and balanced dielectric gap spacing for
charge transfer.34,35 Speciﬁcally, as the electrode width
decreases, the number of electrodes in the same area would
increase, shortening the time of charge transfer and thus
enhancing the electric output. However, increasing the number
of electrodes would decrease the total electrode area (given the
gaps between each two electrode ﬁngers being kept constant),
which would reduce the electric output because of the less
eﬀective area and less amount of transferred charge. Same as
the voltage outputs, each back-and-forth sliding generated a
pair of current peak envelops. The number of current peaks
within each envelop was directly related to the number of
electrodes being interacted (Figure 1d). Take the 200 μm
electrode design as an example, seven peaks were generated
within one envelope of 0.1 s, corresponding to a frequency of
70 Hz. The current proﬁle within each envelope was close to a
sinusoidal curve, demonstrating a successful conversion of slow
linear motion into a continuous high-frequency electrical
output. Although the individual current peak was slightly low
(average ≈ 0.6 μA), the large number of current peaks ensured
a largely enhanced charge generation.
The micrograting TENGs were then utilized to charge a
small capacitor to investigate their potential as an eﬀective
power supply in terms of electrical energy generation. The
TENG was connected to a capacitor (0.1 μF) through a
regular rectiﬁcation bridge circuit (equivalent circuit is shown
in Figure S4), and the charging results are shown in Figure 1d.
The NG with 200 μm electrodes yielded the fastest capacitor
charging behavior and reached a voltage of 2.5 V in 10 s.
Although the 100 μm electrode NG had the highest frequency
when driven by the same motion, its much lower amplitude
(maximum ∼0.5 μA) yielded a slightly lower charging rate on
the same capacitor. The even slower charging rates from the
400 to 900 μm electrode designs were primarily because of
their low current peak frequencies.
Stretchable and Implantable TENG Development.
The best-performed 200 μm electrode design was selected for
i-NG integration and testing. To make the TENG implantable,
the entire device was packaged by Ecoﬂex 00-30 to prevent the
bioﬂuids and electrical leakage. Ecoﬂex is a soft silicone
elastomer with a low Young’s modulus of ∼60 kPa and a high
elasticity (900% strain at break) and has been widely used for
soft electronics and artiﬁcial muscle designs.36−38 The
schematic conﬁguration of the packaged i-NGs is shown in
Figure 2a, and the detailed fabrication procedures are given in
the Supporting Information Figure S1. After NG was packaged,
the in vitro output was ﬁrst evaluated on diﬀerent load
resistances driven by a slow linear motion of 4 cm/s at a
frequency of 1 Hz (Figure 2e). It exhibited a short-circuit
current (peak to peak) of 0.8 μA and an open-circuit voltage
(peak to peak) of 8 V with a maximum instantaneous power
around 20 mW/m2 at 10 MΩ. Afterward, the mechanical
property of the as-fabricated i-NG was characterized by a
dynamic mechanical analyzer and compared to the pure
Ecoﬂex elastomer with the same thickness. The corresponding

stress−strain curves are shown in Figure 2b. Within 50% strain
(1.5 cm elongation), the Young’s modulus of the device was
estimated to be ∼46 kPa, even lower than that of pure Ecoﬂex
(∼67 kPa). The low Young’s modulus could be attributed to
the central cavity (1.2 cm × 1.8 cm) inside i-NGs, which was
vital to allow relatively free sliding of the middle piece. Without
this central cavity, because of the Poisson eﬀect, the elongated
device will have certain transverse contraction, which, however,
was signiﬁcantly impeded by the embedded rigid NG, leading
to a 10-time higher Young’s modulus (∼0.4 MPa). The central
cavity not only reduced the amount of Ecoﬂex per unit crosssectional area and thus less tensile strain compared to a solid
Ecoﬂex piece with the same geometry but also allows lateral
shrinkage of the elastomer package when stretched moderately.
Given the negligibly small contribution from the friction
between the center piece and the electrode layers (orange
diamonds in Figure 2b), an overall less strain was obtained
from the packaged i-NG. The negligible strain contribution
from the sliding thin ﬁlm allowed an integration of multitribo
layers with minimal increase of the overall Young’s modulus.
To test this hypothesis, the TENG active component was
made of two units of the 200 μm electrode pairs (Figure S5).
The electric output was nearly doubled compared to the i-NG
with a single unit (0.8 V) and reached 1.6 V (Figure S5d).
Meanwhile, the device Young’s modulus only increased to 52
kPa (Figure 2b). Because the elastic modulus of most soft
tissues is in the range of 5−200 kPa,39−41 this ultrastretchable
i-NG is expected to exhibit an excellent compatibility to
interface biological tissues. More mechanical properties of asprepared i-NG are included in Supporting Information as
Figure S6.
To further verify the biocompatibility of the Ecoﬂex package,
the viability of 3T3 ﬁbroblast cells was examined on top of the
Ecoﬂex ﬁlm. Fluorescence microscopy revealed that the cell
morphology on Ecoﬂex exhibited no diﬀerence when
compared to those growing on standard tissue culture plates
over 4 days (Figure 2c). 3-(4,5-Dimethylthiazol-2yl)-2,5diphenyl-2H-tetrazolium bromide (MTT) assay was performed to evaluate the cellular metabolic activity as a reference
for cell growth/proliferation (Figure S7). As shown by the
statistic measurements in Figure 2d, the cell viability on
Ecoﬂex did not exhibit signiﬁcant diﬀerence (<2%) compared
to the control group, conﬁrming the nontoxicity of Ecoﬂex
package materials. The good biocompatibility discovered from
Ecoﬂex was consistent with other literature reports.42,43
The continuous high-frequency ac signal enabled an eﬀective
transformation of the i-NG output into a dc signal through a
simple rectiﬁer and a capacitor circuitry (right inset of Figure
3a). Driven by a linear motor, the i-NG was stretched at a
velocity of 4 cm/s to an extension of 4 mm at a frequency of 1
Hz to simulate the diaphragm motion during breath. A green
LED was connected to the two electrodes of the capacitor as a
load. Under this condition, the voltage of the capacitor (0.33
μF) continually built up at the ﬁrst 25 s and reached a constant
value of ∼2.2 V on the LED load (left inset of Figure 3a).
Accordingly, the LED was gradually lighted up in the ﬁrst 25 s
and reached its full brightness following the voltage buildup
trend (Figure 3b). The LED remained at the on state
constantly as long as the slow stretching motion was in action
(Video S1). The voltage output was kept at the ∼2.2 V level on
the LED load during the entire 120 min testing period (Figure
3a), evidencing that the i-TENG could be readily used as a dc
power source same as a regular battery without involving any
D
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the power drain from the electronic load. The average dc
output power was determined to be a constant 0.12 μW on the
LED load during the testing period from the charging and
discharging curve (detailed calculation process was provided in
the Supporting Information, S2). Therefore, given the sub
microwatt-level power consumption for typical sensing nodes,
this micro-power supply could continuously support the
operation of these electronic IMDs driven by the slow
stretching motion.
The i-NG was then implanted in SD adult rats (∼500 g) to
investigate its in vivo energy generation performance. Packaged
i-NGs with the 200 μm electrode design were implanted inside
the abdominal cavity by ﬁxing one end at the diaphragm
muscle near the central tendon part while the other end was
stitched to the abdominal wall (Figure 4a). The detailed
implantation procedure is given in Figure S8. The i-NG has a
similar mechanical property as the rat diaphragm muscle which
usually has a Young’s modulus of 50−70 kPa.44,45 During
normal breath, the up and down movement of the diaphragm
would create periodic stretching and relaxing motions on the iNG (Video S2). Speciﬁcally, during exhalation, the lung recoils
to force the air out and the diaphragm relaxes toward a higher
position in the thoracic cavity, stretching the i-NG [Figure
4b(i)]. During inhalation, the diaphragm contracts and moves
toward the inferior direction and thus relaxes the i-NG [Figure
4b(ii)]. Such a periodic motion enabled the relative sliding of
the i-NG electrodes and produced groups of electric spikes, as

Figure 3. In vitro power generating performance. (a) Long-term
open-circuit potential recorded at a green LED load powered by a
packaged i-NG. Left inset: The ﬁrst 1 min charging curve on the LED
load; Right inset: Schematic circuit design. (b) Series of images
recorded on the LED showing the lighting process as the voltage is
building up. (c) Zoomed-in voltage proﬁle at the ﬂat region in the red
box in (a).

toxic chemicals. The zoomed-in voltage curve at the ﬂat region
showed a triangular proﬁle with a peak-to-peak diﬀerence of
∼130 mV (Figure 3c). This small drop was a result of the
discharge through the LED load. It conﬁrmed that the
capacitor charging through i-NG could completely compensate

Figure 4. In vivo biomechanical energy harvesting and powering performance. (a) Digital image of an i-NG implanted inside the abdominal cavity
of a SD rat. The inset is the image of the i-NG device. Scale bar is 1 cm. (b) Working process of the i-NG driven by diaphragm motion during
respiration. (c) In vivo voltage outputs measured from i-NGs with a single unit (left) and double unit (right). The right panel is an enlarged voltage
output proﬁle within one inhale−exhale cycle. (d) Average in vivo voltage output as a function of rat respiration frequency (n = 3). (e) Voltage
measured at the LED load as a function of time driven by rat respiration. (f) Series of images recorded on the LED showing the lighting process as
the in vivo voltage is building up.
E
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CONCLUSIONS
In summary, we reported a soft and ultrastretchable i-NG
system that can convert slow and discrete muscle movements
from breath into a continuous dc output in vivo. The
optimized i-NG was built based on the concept of sliding
mode TENG with a micrograting electrode conﬁguration.
Packaged by a soft silicone elastomer (Ecoﬂex), an ultralow
Young’s modulus of ∼45 kPa was achieved, which was within
the range of soft biological tissues. The high biocompatibility
of i-NG was validated by measuring the viability of 3T3
ﬁbroblast cells grown on the package materials. The optimal
output was obtained from i-NG with 200 μm electrode width
under slow linear motions. The power supply was implanted
inside the abdominal cavity of SD rats. Driven by the up and
down movements of the diaphragm during breath, a group of
multiple voltage output peaks with an amplitude of 0.8 V was
obtained in one respiration cycle. After being integrated with a
set of rectiﬁer, capacitor, and LED load, the i-NG driven by the
in vivo biomechanical energy of rat produced a steady dc
output with a voltage up to 2.2 V. This electric output could
continuously power the LED without any observable power
decay, successfully demonstrating a constant operation of small
electronics dc power free of the battery component. Yet there
are still several limitations needed to be solved in future
research. First, the performance of i-NG would be reduced if
the cell or protein absorbed on its surface, and thereby, special
processing might need to be added to introduce antifouling
property in future clinical applications. Second, more robust
encapsulation materials with a similar mechanical property as
Ecoﬂex should be investigated and utilized to ensure the longterm operation. Third, we need to further improve the longterm biocompatibility and biosafety of i-NG materials,
particularly the conductive component. Bearing these limitations in mind, this solely biomechanical energy-driven dc
micro-power supply will become a very promising solution for
the development of self-powered IMDs in the near future.

shown in Figure 4c (Video S3). The generation of a group of
spikes was because that the mobile layer was pulled back and
forth periodically with a displacement around 2−4 mm, larger
than the periodicity of IDEs (600 μm). Operation of this i-NG
required a relatively large displacement as it was speciﬁcally
designed for harvesting energy from respiration. It may not be
applicable to other biomechanical energy sources, such as from
bones or joints, where relative movements are hard to
obtain.46,47
One electrode-pair unit generated a maximum Vpp of 0.4 V,
whereas a two-unit NG nearly doubled the output to ∼0.8 V.
This voltage output was almost the same as those generated in
vitro. The negligible output decay from in vitro to in vivo could
be attributed to the ultralow Young’s modulus of the i-NG,
which could be eﬀectively driven by small muscle stretch
during the breathing motion. With this ultrastretchable design,
the inhalation and exhalation pattern could be clearly
distinguished and accurately monitored by the two groups of
electrical peaks (Figure 4c). The number of voltage peaks
during one respiration cycle was constantly 7−8, well matching
the electrode conﬁguration. As the breathing rate of the
anesthetize SD rat was kept at ∼45 times per minute, the
average length of voltage envelops was ∼0.54 s with an interval
of ∼0.76 s. It was also found that higher breathing rates could
lead to higher electrical outputs (Figures 4d and S9),
consistent with the reported movement rate and electrical
output relationships.48
Such a high electrical output was suﬃcient to drive the green
LED as demonstrated in vitro. Without using a rectiﬁer, the
respiration of an anesthetized rat could directly light up the
LED with obvious blinking because the spiky voltage peaks
(Video S4). When connected through a set of rectiﬁer and
capacitor, the LED could be stably powered by the
anesthetized rat with a breath rate of 45 per minute. As
shown in Figure 4e, after experiencing a relatively slow rising
process (50−60 s), the potential applied at the LED was
stabilized at ∼2.2 V. The gradual lighting progress of LED was
also captured (Figure 4e). The consistent operation of the
LED driven by the rat breath was retained over the entire 5
min testing period without any observable degradation of
brightness (Video S5). While moderate warping of i-NG would
not inﬂuence its function (Figure S10), the i-NG exhibited a
stable voltage output after more than 1000 breathing cycles or
being immersed in 0.9% NaCl saline solution over 24 h (Figure
S11 and S12). To the best of our knowledge, this is the ﬁrst
time that small electronics were continuously functioned solely
by in vivo biomechanical energy harvested from animal body
functions. As for future application to power IMDs, because
human body has larger volume, space, and displacement, a
signiﬁcantly enhanced electrical output would be expected
once the i-NG was implanted, which might be suﬃcient to
replace batteries.49 Meanwhile, more stable packaging
materials with a similar mechanical property as Ecoﬂex
would be investigated and employed in future work. In
addition, biodegradable materials might be considered to
replace the chemically stable Silicone, PTFE, and PET ﬁlms for
short-term use of i-NG. It is worth noting that the output
voltage of 2.2 V and output power of 0.1 μW are still
insuﬃcient for the operation of most IMDs. A few strategies
could be implemented to further improve the output to reach
the requirement of practical applications, for example, by
integrating more NG units, involving materials with higher
tribo-activity, and applying novel surface modiﬁcations.

■

EXPERIMENTAL SECTION

Fabrication of NG. For the electrode layer preparation, a ﬂexible
PET ﬁlm (1.1 cm × 2 cm, 50 μm thickness, CS Hyde Company,
USA) was used as the substrate. An electrode consisting of Cu/Cr
(Cu 280 nm and Cr 20 nm) was deposited on the PET substrate by
E-beam evaporation (CHA-600). A thin layer of PTFE (50 μm, CS
Hyde Company, USA) was attached to the PET substrate to cover the
electrodes. Dense nanowire arrays were created on the surface of
PTFE by the ICP (Plasma-Therm 790 ICP/RIE Etcher) to further
enhance the contact area and surface charge density. In a typical ICP
process, Ar, O2, and CF4 gases were introduced into the ICP chamber
with ﬂow rates of 15.0, 10.0, and 30.0 sccm, respectively. The ﬁrst
power source of 400 W was used to generate a large density of plasma
and the other power of 100 W was used to accelerate the plasma ions.
The PTFE ﬁlm was etched for 120 s with a pressure of 10 mTorr. The
mobile layer was composed of a central PET ﬁlm (0.8 cm × 3 cm, 50
μm thickness) sandwiched in between two PTFE ﬁlms (50 μm). Cu/
Cr metal strips (Cu 280 nm and Cr 20 nm) were deposited on the
PTFE ﬁlm by E-beam evaporation. The TENG was assembled by
placing an adhesive PET spacer (150 μm) between two electrode
layers. Two small holes (∼2 mm in diameter) were drilled on
electrode layers and mobile layer, respectively, for suturing purpose.
NG Package. Two glass slides (2.5 cm × 7.5 cm) covered with
Kapton tape (25 μm, CS Hyde Company, USA) were washed by
ethanol, isopropanol, and DI water, respectively. Ecoﬂex 00−30
(Reynolds Advanced Materials, Inc., USA) solution consisting of parts
A and B (1A:1B by volume or weight) was spin-coated on the Kapton
surface at a speed of 400 rpm for 60 s, followed by curing at 60 °C for
F
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5 min. Two physical masks (1.2 cm × 1.8 cm, PET) were then placed
on the top of each Ecoﬂex layer. Afterward, an additional layer of
Ecoﬂex was spin-coated on the previous one with physical marks.
Curing at room temperature for 5 min, with increased viscosity of the
spin-coated elastomer, the physical masks were then taken away
without damaging the layer ﬂatness, leaving a patterned cavity behind.
After another curing at 60 °C for 1 min, the partially cured elastomers
were used to package NG by lamination, and the packaged NG was
further cured at 60 °C for 1 h.
Electrical and Mechanical Characterization. To characterize
the output of NG, the electrode layers were ﬁxed on a stationary stage,
while the mobile layer was attached to a moveable stage. Driven by a
linear motor, the mobile layer was pulled out and back periodically
with a controlled frequency at 1 Hz and a displacement of 4 mm. The
voltage was recorded by an Agilent DSO1012A oscilloscope (inter
resistance 1 MΩ). The oscilloscope probes were directly connected to
the two electrodes of the NG and no additional load resistant was
added in between. The short-circuit current was measured by a lownoise current preampliﬁer (Stanford Research Systems, model SR570)
connected with LabVIEW system in computer. For continuous LED
lighting, the open-circuit potentials of the LED and capacitor were
measured by the low-noise voltage preampliﬁer (Stanford Research
Systems, model SR560). After i-NG was implanted inside the rats, the
in vivo output voltage was also recorded by an Agilent DSO1012A
oscilloscope. The mechanical properties of i-NG and the Ecoﬂex
elastomer with equal dimension (1.1 cm × 3.5 cm × 0.8 mm) were
characterized by an RSA III dynamic mechanical analyzer. The
strain−stress curves were calculated based on transient force gap tests
at room temperature. A rectangular tension/compression geometry
was utilized for test.
Cell Morphology and Immunoﬂuorescence Staining. After
3T3 cells were cultured on the Ecoﬂex (00-30) ﬁlm or cell plates in
24-well plates, the cell morphology was observed directly using an
inverted optical microscope (Nikon Eclipse Ti−U, Japan). The
cytoskeleton and nucleus were stained with Texas Red-X phalloidin
(591/608 nm) and blue ﬂuorescent Hoechst (352/461 nm) (Thermo
Fisher Scientiﬁc), respectively. The samples were ﬁxed with 2−4%
formaldehyde for 15 min and then rinsed three times with prewarmed
phosphate-buﬀered saline. The samples were incubated with Texas
Red-X phalloidin (100 nM) and Hoechst (50 nM) for 30 min at 37
°C. After staining, the cells were rinsed with prewarmed buﬀer for
three times and imaged using a Nikon A1RS confocal microscope.
MTT Assay. After 3T3 cells were cultured on the packaging ﬁlm
on 24-well plates, MTT assay (Thermo Fisher scientiﬁc) was
performed to examine cell proliferation. After incubation at 37 °C
in a humidiﬁed atmosphere with 5% CO2 for up to 4 days, 100 μL of
MTT solution was added to each well. After 4 h incubation, the
medium was removed and dimethyl sulfoxide (500 μL/well) was
added to dissolve the precipitated fomazan. The optical density (n =
3) of the solution was evaluated using a microplate spectrophotometer at a wavelength of 490 nm.
Implantation of the I-NGs. All animal experiments were
conducted under a protocol approved by the University of Wisconsin
Institutional Animal Care and Use Committee. Adult SD rats (400−
500 g) were used for implantation experiment. Anesthesia was ﬁrst
induced by inhalation of 5% isoﬂurane and maintained with 2%
isoﬂurane. Following anesthesia, rats were ﬁxed in supine position.
The abdomen of animals is scrubbed with iodine scrub and then
alcohol prior to the surgical procedure. An incision of 3−5 cm was
made on the abdomen of animals. I-NG was placed under the
diaphragm in the abdomen. The two corners on the upper end of iNG were sutured near the diaphragm central tendon with two
stitches, while another two additional sutures were made inside the
abdominal wall near the end of incision to ﬁx the i-NG. After the
experiment, the i-NG was taken out and the muscle and skin of rats
were sutured. Animals were subsequently euthanized on the same day.
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