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In Vivo Powering of Pacemaker by Breathing-Driven
Implanted Triboelectric Nanogenerator

Qiang Zheng, Bojing Shi, Fengru Fan, Xinxin Wang, Ling Yan, Weiwei Yuan,
Sihong Wang, Hong Liu, Zhou Li,* and Zhong Lin Wang*

A long-lasting power source is crucial for a sustainable opera-
tion of implanted medical devices."¥ Owing to the limited
life-time,* battery powered medical devices usually required
additional surgery once in a while to replace the drained battery,
which is not only non-economical but also increases painful
experience and risk for patients. Therefore, it is desirable to
have in vivo medical devices self-powered by harvesting energy
from biological systems to maintain the sustainable operation
of the devices. Many investigations focus on energy-harvesting
strategies in order to replace batteries.>® Several methods to
harvest energy from chemical, mechanical, electrical, and
thermal processes in the human body has been demonstrated,
such as using glucose oxidation, the electric potentials of the
inner ear, mechanical movements of limbs, and the vibration
of organs.”"l Among all these energies, small scale mechan-
ical energy is one of the most abundant and popular energies
in a living environment. Harvesting biomechanical energy in
vitro and in vivo can provide a nearly lifetime power source to
drive the micro-/nanosystems. Piezoelectric devices as a poten-
tial route for mechanical-to-electrical energy transduction has
been fabricated recently and shown numerous advantages.['>1°!
Some of these piezoelectric devices can be made of biocom-
patible materials, and this made them possible for in vivo
applications.[1®29-22] The first demonstration of an in vivo
mechanical energy driven piezoelectric nanogenerator was
demonstrated by Wang’s group in 2010,%% and the device has
also further developed recently.?* However, the main limitation
is that the output of the piezotronic nanogenerators was rather
limited so that it is not powerful enough to directly drive most
medical devices.
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Recently, triboelectric nanogenerator (TENG) has attracted
much attention.>?l The mechanism of the TENG relies on a
conjunction of triboelectrification and electrostatic induction. It
has been systematically studied to drive hundreds of light emit-
ting diodes (LEDs)?%28] and charge a lithium-ion battery?% for
powering some small equipment. Recently, the TENG has been
employed to collect energy from human motion under in vitro
conditions,P=3 such as walking, running or clapping.

However, the applications of TENG under in vivo are dis-
tinct from in vitro environments, which are more complicated
and challenging. Some crucial problems need to be addressed.
For example, the in vivo environment is filled with body fluid,
which will significantly affect the output performance of
TENGB if it leaks into the gap between the friction layers of
TENG. Thus, careful packaging is needed using biocompatible
and soft materials. Secondly, the size and thickness of TENG
need to be strictly controlled for the available space inside that
is usually very narrow and irregular in shape. Another problem
we should notice is that the in vivo movement is so gentle and
the amplitude is so small that our TENG must be sensitive
enough to catch such small scale motion.

In this paper, in vivo biomechanical-energy harvesting using
a TENG is demonstrated for the first time. An implantable
triboelectric nanogenerator (iTENG) in a living rat has been
developed to harvest energy from its periodic breathing. Then,
the breathing generated energy was directly used to power a
prototype pacemaker. This is a significant progress for fabri-
cating self-powered implanted medical devices using TENG as
a power source.

The fabrication of the iTENG was based on the design of a
fully packaged structure (Figure 1a). Basically, a PDMS film
with patterned pyramid arrays (100 pm in thickness) was
first made by spin-coating pre-mixed PDMS elastomer and
crosslinker on a patterned Si wafer. After curing thermally, a
uniform PDMS film was peeled off the silicon wafer mold, and
then placed on a thin Kapton substrate (30 pm) deposited with
Au (50 nm) (Figure 1b). The flexibility of the thin PDMS and
Kapton layer made it able to deform easily in response to the
slight in vivo motion caused by the rat breathing (Figure 1e).
Aluminum foil with nano-surface modification served as both
the contact layer and electrode of the iTENG (Figure 1c). In
the presence of a flexible PET spacer (400 pm) in between the
contact layers, the patterned PDMS film can be fully enclosed,
which is very important for protecting the inner structure from
the invasion of the surrounding physical environment. Thin
wires were fixed to the back of both electrodes by applying
silver paste. Because of the presence of bio-fluid under in vivo
working condition, the entire device was covered with a flexible
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Figure 1. Structure and photograph of an implantable TENG. a) Schematic of the structure of the fabricated TENG. b) Photograph of the fabricated
TENG. ¢) SEM image of PDMS film. d) SEM image of micro-nanostructure on an aluminum foil. e) Working principle of the iTENG.

polymer layer to isolate it from surrounding medium and to
improve its robustness (see Supporting Information). Here, we
use thin PDMS layer (ca. 50 pm) as the encapsulation material
for its flexibility, leakproofness, biocompatibility and mild
inflammatory reaction when implanted.’”!

The short-circuit current (Iy) and open-circuit voltage (V,)
were measured to examine the performance of the iTENG. As
mentioned above, for fitting the special in vivo structure, the

thickness and the size of the iTENG were carefully controlled;
the overall size of the as fabricated iTENG was 1.2 cm x 1.2 cm.
Since there was a spacer between these two fraction layers
(Figure 1d), the contact area was only about 0.8 cm x 0.8 cm,
which subsequently affected the output performance of iTENG.
The output V,. and I are typically about 12 V and 0.25 pA,
respectively (Figure 2a,b), the power density can still reach to
8.44 mW m~2 (Figure 2c,d).
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Figure 2. Output performance of an as fabricated implantable TENG. a) Typical voltage and b) current output of the iTENG. c,d) Dependence of output
power density (the insert shows the lighting up of 5 white LEDs), output voltage, and output current of the iTENG as a function of the applied external
load. e) The current output with different number of TENGs. f) Schematic diagram and g) photograph of the TENG array.
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In this experiment, the size of iTENG was strictly limited
because we chose rats as the animal model to demonstrate the
work system, which also limit the output of the iTENG. Actu-
ally, if used in the human body, size and structure could be
re-designed for larger electrical output. Here, another group
of experiments were carried out for illustrating the potential of
output improvement of iTENG. We simply fabricated an array
with different TENG number (1-4), the parallel connected
2 x 2 TENG array can generate a short-circuit current reaching
to 0.8 pA, nearly 4 times that of a single TENG (Figure 2e-g).
This illustrated that iTENG arrays or a bigger sized iTENG can
be implanted in a human body for a higher output.

The animal experiment was based on the conversion of the
mechanical deformation related to the periodic expansion and
contraction of the thorax of a rat into electricity. Adult rats
(Hsd: Sprague Dawley SD, male, 150-200 g) used for experi-
ment were purchased from Peking University Health Sci-
ence Center (PEUHSC), and our procedures in handling the
animals was supervised by the Experimental Animal Ethics
Committee of PEUHSC, which strictly followed the “Beijing
Administration Rule of Laboratory Animals”, and the national
standards “Laboratory Animal Requirements of Environment
and Housing Facilities (GB 14925-2001)". The anesthesia
procedure of the rat started with the intake of isoflurane gas
(1-3% in pure medical grade oxygen), followed by the injec-
tion of 1% sodium pentobarbital (intraperitoneal, 40 mg kg™!)
for anesthesia induction and maintenance, respectively. A tra-
cheotomy was first performed, and a tracheal intubation was
connected to a respirator, which provided artificial respiration
and sustained life of the rat throughout the entire experiment.
The left chest skin was incised for implanting the TENG.
The pacemaker was placed in the chest (just below the collar-
bone);*® implanting an iTENG near the site can harvest the
mechanical energy from the periodic movement of the thorax
and make it possible to integrate the iTENG and a pacemaker
in the near future.

www.advmat.de

The iTENG was implanted under the left chest skin of
the rat (Figure 3c,d). The inhalation and exhalation of the
rat resulted in the alternative expansion and contraction of
the thorax, which in turn produced deformation of the thin
Kapton film, resulting in the periodical contacting and sepa-
rating between the PDMS nanostructure and the Al foil,
respectively. In this process, the electric potential induced by
the contact electrification and electrostatic drove the electrons
to flow back and forth through an external circuit in response
to the respiratory motion (see Video S1 in the Supporting
Information)

The short-circuit current and open-circuit voltage output
from the iTENG were detected when the breathing of the rat
was driven and controlled by the respirator at a constant rate
of about 50 times per minute. When the measurement equip-
ment was connected to the iTENG, a voltage/current pulse was
produced during inhalation, immediately followed by a nega-
tive voltage/current pulse by exhalation. On average, the mag-
nitude of the voltage and current signals was about 3.73 V and
0.14 pA, respectively (Figure 3a,b), which are lower than the
output of former tests driven by mechanical simulation motor
with higher strain rate and a larger degree of mechanical defor-
mation. For powering most implantable devices or microchips,
these outputs were still considerable.

There are about 50 “paired peak groups” in one minute, which
is consistent with the breathing rate controlled by the respirator.
Detailed information of the peaks was also inspected, which
revealed that the first peak is slightly wider than the second one.
This difference was attributed to the longer inhalation time than
that of exhalation. Further more, the forced vital capacity (FVC)
of the rat was also measured. In the typical FVC curve (Figure 3e,
left), the ratio between the inspiratory reserve volume (IRV) and
expiratory reserve volume (ERV) (the maximal volume of air
that can be inhaled and exhaled from the end-inspiratory and
end-expiratory position) was much similar with that between
the peak values of the positive and negative current pulses
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Figure 3. Energy harvesting from the breath of a living rat. a,b) An iTENG buried under the thoracic skin. c) Typical voltage and d) current output of

TENG under in vivo conditions (from the set up in (b)). e) Correlation between the output of iTENG and respiratory movements (left: forced vital capacity
curve; right: short-circuit current of the iTENG. VC: vital capacity; TV: tidal volume; IRV: inspiratory reserve volume; ERI: expiatory reserve volume).
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IRV/ERV = [I}]/]I;)), and more
E)ver, an obv|iow‘u|s )synchronism d b [Capacitor}— iTenG |
was also found by comparing B e e T SN
the tendency of FVC curve and
the short-circuit current curve
(Figure 3e, right). These details
further confirmed the working
principle we proposed before.
Powering medical devices
directly with the energy har-
vested by iTENG, and forming a
self-powered system is the main
objective of this work. In order
to demonstrate the function of
this self-powered system, we fab-
ricated a prototype pacemaker
with  adjustable  parameters
(frequency, width, and voltage
of the stimulation pulse) as a
model (Figure 4ab). Here, we
designed the prototype based on
a 555 timer IC. It outputs a con-
tinuous stream of rectangular
ulses at a specified frequency. T T T T T y y
Il)iesistors (Rl,pRz, R3) andqcapa(}:,- 5., 10 15 20 25 2 15.0 . 300
itor C; co-determined the output Tlme(s) TlmE(mln)
performance of this prototype. e o "
Resistor R; was connected
between the supply voltage and 1
the discharge pin (pin 7) and 3-
another resistor (R,) was con-
nected between the discharge
pin (pin 7) and the trigger (pin 2)
and threshold (pin 6) pins that
shared a common node. In
order to achieve a duty cycle less
than 50%, we set up two diodes
(D; and D,) to make sure that (1 L S— - e
the capacitor (C,) can be charged 4
approximately only through R, A1
and discharged only through 0 180 380
R,. The capacitor C, connected Time (mS)
between pin 5 and ground is
to provide interference, and
resistor R; is used to adjust the
magnitude of the voltage of the
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Figure 4. Scheme diagram of a self-powered prototype pacemaker. a) Structure and photograph of the self-
powered pacemaker. b) Circuit diagram of prototype pacemaker (R; = 0-50 k€2, R, = 0200 k€2, R; =~ 0-100 k€,
C; = 10 pF, C, = 0.01 pF). ¢) Stimulation pulse with different frequencies generated by self-powered
pacermaker. d) Charging curve of the capacitor by using implantable TENG. e) Stimulating the heart of the
output pulse (Figure 4b). rat by self-powered pacemaker (insets: photographs of the heart beat of the rat regulated by self-powered
For this prototype, the high  pacemaker).
time from each pulse can be
given by: 1 1

ST T @) R+ R) o)

T, =1n(2)-R,-C, 1
The pulse duty cycle (q) also can be achieved by:
And the low time from each pulse can be given by:

Ti=In(2)-R,-C, @ TTRrR+R, )
So, the frequency (f) of the pulse stream depends on the Basically, in the self-powered system, the AC output from
values of Tj, and T;: iTENG could be transformed to a pulse output in the same
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direction simply by using full-wave rectifying bridge and stored
in a capacitor (Supporting Information, Figure S1). To our
knowledge, the commercial pacemaker worked within a voltage
range between 1.8-2.8 V, when the voltage decreased to a cer-
tain level (elected replacement index (ERI)), the device has to be
replaced as soon as possible. In our experiment, the working
range of the prototype was 2-3 V (Figure 4d), and therefore our
charging and discharging tests were carried out in this range.
The capacitor can be charged from 2 to 3 V within 275 min
(for a total of 13750 breathing cycles) by the iTENG. The total
charges (Cy) can be calculated based on Equation 5:

Cr =Imnc W RpTc (5)
Where Irpne is the short-circuit current of iTENG, W is the
pulse-width, Ry is the breath rate and T is the total charging
time.

The output of a single stimulation pulse of the as-fabricated
pacemaker prototype was about 25 pA (Ip), and the pulse
width was set to 2 ms (tp), which was comparable with the
commercial pacemakers (Supporting Information, Figure S2).
Based on these parameters, we can theoretically calculate that
the energy generated during 5 breaths can stimulate a single
pulse in iTENG (Equation 6). Then, the charged capacitor
was applied to drive the pacemaker prototype and stimula-
tion pulses with different frequency were successfully dem-
onstrated (Figure 4c). Furthermore, we also used the iTENG
powered pacemaker for regulating the heart rate of the rat
(Figure 4e). Briefly, stimulation pulses with different working
frequencies (2 Hz, 3 Hz and 5 Hz) generated by the pace-
maker were applied to the heart, and apparently, the heart
rate was regulated to synchronized with the frequency of the
stimulation pulse (see Video S2, and S3 in the Supporting
Information).

r=Irtr [1t, (6)

As we know, there are many kinds of implantable medical
devices for applying in different implant sites. Assuring that
our iTENG can work in more complicated bioenviroment is
crucial for its wider application. Figure 5 shows a re-designed

www.advmat.de

iTENG that is set in between the diaphragm and the liver. A
large size iTENG (3 cm X 2 cm) was applied, and the flexible
thin Kapton layer was contacted with the surface of the dia-
phragm (Figure 5a,b). As the main muscle of respiration, its
expansion and contraction can also drive the iTENG, and the
larger size and greater degree of deformation generated a
higher AC output (0.6 pA) (Figure 5c). During these experi-
ments, a respirator was also used to serve as a life-sustaining
device throughout the whole experiment, and a slower and
deeper breath was used to get a more substantial deformation of
diaphragm and avoid the influence of liver quiver (see Video S4
in the Supporting Information).

In summary, we have demonstrated an in vivo application
of a TENG for harvesting biomechanical energy inside a living
animal for the first time. The structure of the TENG was care-
fully designed; the shape and packaging were reconsidered
to fit the implanted site and muscle movement of the animal
thorax. This newly designed iTENG successfully converted
the mechanical energy from the rat’s normal breathing into
electricity with a power density up to 8.44 mW m™2. Moreover,
the harvested energy from in vivo was demonstrated to drive
an implantable medical device as a real application. The elec-
tricity from iTENG was stored in a capacitor and successfully
drove a pacemaker prototype to regulate the heart rate of a rat.
Our research shows a feasible approach to scavenge the bio-
mechanical energy, such as heart beating, muscle stretching,
blood flow, or even irregular vibration. This work presents a
crucial step forward for lifetime implantable self-powered
medical devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure 5. Energy harvesting from the diaphragmatic movement. a) An iTENG attached to a live rat's diaphragm (the dashed rectangular area shows
the position of the iTENG). b) An enlarged picture of the iTENG. c) Typical current output of the iTENG that was attached to the rat’s diaphragm.
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