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Supplementary Figure 1 Electrical output of iTENG with different supporting
structures. (a) Schematic of iTENG with different supporting structures (memory alloy
keel/3D sponge spacer, memory alloy keel, 3D sponge spacer and PDMS spacer
supporting structure). Open-circuit voltage (b), transferred charge (c) and short-circuit

current (d) of iTENG with different supporting structures driven by a linear motor.
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Supplementary Figure 2 [llustration (a) and photographs (b) of accelerated fatigue test.
(c) Open-circuit voltage of the iTENG and its durability test. Open-circuit voltage (d),
short-circuit transferred charge (e) and short-circuit current (f) of iTENG in atmosphere

and liquid environment (PBS 1x).



Image of the iTENG, after accelerated fatigue test in liquid

D

Supplementary Figure 3 Photographs of iTENG. Before (a) and after (b) accelerated
fatigue test in liquid. The image of dismantled iTENG (c, d, ).
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Supplementary Figure 4 Charging curve of a 100 pF capacitor charged by iTENG

driven by cardiac motion and synchronous femoral arterial pressure (FAP) and heart

rate (HR) of the Yorkshire porcine.
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Supplementary Figure 5 In-vivo electrical output of iTENG. (a, b, ¢) /n vivo open-
circuit voltage (a), short-circuit current (b) and transferred charge (c) of the iTENG and

simultaneously recorded ECG and FAP of the Yorkshire porcine.
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Supplementary Figure 6 Relationship between electrical output and cardiac
motion. (a) /n vivo open-circuit voltage and simultaneously recorded ECG signals. (b,
c¢) Accuracy of open-circuit voltage of the iTENG with ECGs. (d) In vivo output
short-circuit current and simultaneously recorded ECG signals. (e, f) Accuracy of
short-circuit current of the iTENG with ECGs. (g, h) Relationship between iTENG

and cardiac motion. All data in (c, f) are presented as mean =+ s.d.
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Supplementary Figure 7 Charging curve of a 1 pF capacitor charged by iTENG
driven by cardiac motion and synchronous femoral arterial pressure (FAP) and heart

rate (HR) of the Yorkshire porcine.
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Supplementary Figure 8 Commercial pacemaker drived by iTENG. (a) Energy
harvested by iTENG from cardiac motion used to driving commercial pacemaker. (b)
Measurement process of pacing pulse signal from commercial pacemaker (c) Pacing
pulse signal from commercial pacemaker which powered by capacitance (100 pF, 3.55

V).
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Supplementary Figure 9 LED drived by iTENG. (a) iTENG implanted between the
heart and pericardium and blinking of the LED. (b) Illustration of self-powered lighting

system based on iTENG. (¢) LED relative luminance and synchronized ECG.
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Supplementary Figure 10 Circuit of the symbiotic cardiac pacemaker system.
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Supplementary Figure 11 Arrhythmia induced by sinus node hypothermia
deteriorated to sinus arrest (a) Femoral Artery Pressure (FAP) and ECG of animal
model during sinus node hypothermia. (b, ¢) Sinus node hypothermia induced by ice

cube.
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Supplementary Figure 12 In-vivo electrical output of iTENG (Correcting ing

arrhythmia experiments). (a, b, ¢) In vivo open-circuit voltage (a), transferred charge

(b) and short-circuit current (c¢) of the iTENG and simultaneously recorded ECG of the

Yorkshire porcine.
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Supplementary Figure 13 Output voltage under different heart states. The

consistency between R waves and voltage peaks remained well under resting (~50

bpm), active (~90 bpm), and stressing (~130 bpm) states.
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Supplementary Figure 14 Photographs of iTENG.

dimension information.
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Supplementary Tables

Driving mode
Advanced In Vivo
materials (drive by
(2014)! breath motion)
Advanced
In Vitro
materials
(drive by human hand)
(2014)?
In vivo
(drive by stomach
PNAS (2014)}
motion
Energy
In Vitro
Environ. Sci
(drive by human hand)
(2015)*
Nano
In Vitro
Energy
(drive by linear motor)
(2017)°
Nano
In Vitro
Energy
(drive by linear motor)
(2018)°
Nature In vivo
Communications  (drive by heart, lung, and
(2018)’ diaphragm motion
In vivo
This Work (drive by cardiac
motion

Biological
regulation

application
Cardiac

Pacing

Cardiac

stimulate

Brian

stimulate

nerves

stimulate

tissue

engineering

nerves

stimulate

Cardiac

Pacing

Model of
Therapeutically
regulation
effect evaluation
experiment

Small animal

(rat)

Small animal

(rat)

Human-scale

animal (pig)

Small animal

(rat)

Small animal

(rat)

Cell
(fibroblast --
cell)
Small animal

Obesity treatment
(rat)

Human-scale Arrhythmia

animal (pig) treatment

Stimulus signal

controllable

Control by

pulse generator

Control by

pacemaker unit

Supplementary Table 1 Comparison of the implantable self-powered device in this

work and previous works in recent years for biological regulation.
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Output

performance

Voc (V)

Isc (nA)

QOsc (nC)

Keel/3D sponge
spacer
97.5

10.1

49.1

Keel

61.5

9.68

32.2

3D sponge
spacer
71.3

5.93

41.8

PDMS spacer

50.8

5.02

25.9

Supplementary Table 2 Electrical output statistical result of iTENG with different
supporting structures.

References

(year)

Supporting
structure
Surface of
triboelectric layer
Maximum output

voltage in vivo

Driving force

Durability
reported

Animal model

Supplementary Table 3 Comparison of the implantable energy harvesters based on

Advanced
materials
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Spacer
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4V
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motion

Rat

Science
advances

(2016)
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Nanopillar

4V

Hand
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Rat

triboelectric effects.

Nano letter

(2016)°

Spacer

Nanopillar

10V

Cardiac

motion

Pig

16

ACS Nano
(2016)"°

Spacer/
Kneel

Nanopillar

14V

Cardiac

motion

Pig

Advanced
materials

o18) "

Spacer

Nanopillar

Hand

tapping

Rat

Nature
Communications
(2018) 7
Arch

Nanopillar

0.12V

Stomach

Motion

Rat

This Work

Sponge Spacer/
Kneel
Nanopillar/
polarized

652V

Cardiac

motion
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Pig



Types

Materials

Output voltage
m*
QOutput power
uw)

Flexible or Rigid

Weight (g) **

Durability

reported

Cost

Ref.

Triboelectric

devices

Two materials
with different
tribopolarities

High (10 - 65.2)

0.64

Flexible

Light (1.9)

100 million

cycles

Low

%12 and this

manuscript

Piezoelectric

devices

Piezoelectric

materials

High (3 - 17.8)

0.72 - 1.08

Flexible

Light

20 million cycles

High

13,14

Electromagnetic

devices

Metal coils and

magnets

Low (0.1 - 0.9)

0.78 - 1.7

Rigid

Weight (7.2 -
16.7)

Long (several

years)

Low

15,16

Biofuel cells

Enzyme/metal

electrodes

Low (0.2 - 0.6)

7.45-10

Rigid

Weight (6)

Several months

Low

17-19

Endocochlear

Potential cells

Glass

microelectrodes

Low (0.07 - 0.1)

1.1-6.3nW

Rigid

Light

S5h

High

20

Supplementary Table 4 Comparison main methods of implantable energy

harvesters. *Low <3 V <High; 3 V is according to voltage of pacemaker battery.

**Light <2 g < Weight; 2 g is according to the weight of miniaturized commercial

leadless pacemaker.

Length
(mm)

61

Width
(mm)

39

Thickness
(mm)

0.99

basal area
(cm?)

23.8

Volume
(ecm?)

2.36

Supplementary Table 5 Dimension information of iTENG
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Mass (g)
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Supplementary Notes
Supplementary Note 1
Principle and process of contact electrification

Contact electrification is main caused by the transfer of surface electrons®! (Fig.1 g).
When an external force was applied, two triboelectric layers contacted to each other,
resulting in the generation of free electrons between two triboelectric layer surfaces
moving to a single potential well. With distance of two triboelectric layers increasing,
a smaller barrier was formed and electrons kept moving between the surfaces. Along
with the distance continued to increase, the probability of electrons jumping to the
opposite surface became quite small, thus the electrons resided on one surface. When
the distance reached far enough, the barrier was high to trap the electrons on different
triboelectric layer surfaces (Fig. 1h, i). Here, the potential energy of transferring
electrons between the two surfaces contained two short-range interactions and remote
coulomb interaction. The energy difference AE was the electrostatic contribution,

which also included the local interaction between electrons and the near surface®2.

Supplementary Note 2
Electrical output of iTENG with different supporting structures.

The V-Q-x relationship of contact-mode iTENG can be derived based on
electrodynamics?. Since the area size (S) of the metals is several orders of magnitude
larger than their separation distance (d + x) in the experimental case, it is reasonable
to assume that the two electrodes are infinitely large. Under this assumption, the charges
on the metal electrodes will uniformly distribute on the inner surfaces of the two metals.
Inside the dielectrics and the air gap, the electric field only has the component in the

direction perpendicular to the surface, with the positive value pointing to Metal®*.

V., = ox(t) O Metal 1
& Air
. x(t) . v
So(t — ~
Qsc “drx ) d | )
Metal 2
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_ dQy. _ Sadv(t) 3)
Tdt (dx()?

The keel structure significantly strengthened the mechanical property of the overall
structure and effectively guaranteed the contact and separation process of the iTENG!?,
Thus, the iTENG with keel structure will possess higher V(t) and x to improve Isc and
Voc.

3D sponge spacer supporting structures could effectively increase the contact area
Thus, the iTENG with 3D sponge spacer possessed higher S and ¢ to improve output
Voltage. However, the V(t) may decrease with application of 3D sponge spacer which

lead to a lower Isc.

Supplementary Note 3
Relationship between electrical output of iTENG and cardiac cycle

We studied the relationship between electrical output of iTENG and cardiac cycle
based on synchronized ECG. Accuracy (A) was used to evaluate iTENG's ability to
identify a cardiac cycle. The accuracy (A) was defined as the degree of proximity of

interval of Peak (PPn) of iTENG signals to interval of R wave (RRn).

Ao PP.—RR. @)
RR.
_ Z A
A== (5)
n

As a result, high accuracy of 99.3% (Isc) and 96.6% (Voc) were achieved
(Supplementary Fig. 5c, f). It implied that iTENG can not only be used as an energy
harvesting device but also as self-powered active sensor for identifying cardiovascular
events. The proposal was expected to further which is expected to get rid of relying on

amplifying circuits in the traditional ECG mode of cardiac pacemaker.

Supplementary Note 4
Calculation of the energy harvested during each cardiac motion cycle

The generated energy during per cycle was an important parameter that iTENG as

19



energy harvesting device apply to implantable electronics. The iTENG was driven by
heart beat to do continuous periodic mechanical motion. The electrical output was also
periodically time-dependent. The average output power P was related to the load

resistance. Given a certain period of time T, the maximum energy output per cycle of

iTENG can be derived by the following equation 2* .

E=PT= IOT VIdtzj: VdQ=¢ VdQ

(6)
E max — %QSC, max ( VOC, max— VOC, min ) (7)
1
E max — — QSC, max AV
2 (8)

Here, Emax is the maximal output energy per cycle. Through the statistical analysis
of the measurement results in vivo, the maximal short-circuit transferred charge Qsc,max
= 13.6 nC, the voltage difference AV = 72.9 V (Fig. 4f, g). So it could be inferred that
the Emax = 0.495 pnJ (In vivo energy harvest experiment). The maximal short-circuit
transferred charge Qsc.max = 21 nC, the voltage difference AV =41 V (Supplementary
Figure 12), thus the Emax= 0.430 pnJ (Correcting Arrhythmia Experiments)

Supplementary Note 5
Pacing threshold energy

Pacing threshold energy is important to evaluate the feasibility of a self-powered
cardiac pacing system from the energy perspective. Here, pacing threshold energy can

be derived from the follow equation.
T
E:= J.O Vex Id: (9)
Since the pacing pulse is a square wave, the equation can be simplified as follow.

2
E = VixIxT= Y 5T

(10)

Here E: is the pacing threshold energy. Vi represents the pacing threshold voltage. R
represents the pacing resistance. T stands for stimulus pulse durations.

As recent research visit for the 60 patients shows that the mean pacing capture
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threshold measured at 0.24 ms. the mean electrical values for R-wave sensing amplitude,
pacing impedance, and pacing capture threshold at 0.24 ms were, respectively: 11.7 £
4.5mV, 719 £226 Q, 0.57 = 0.31 V at implant®. Etis 0.197 + 0.18 pJ. The maximum
pacing threshold energy (Et) is about 0.377 pJ.

On the other hand, the pacing threshold voltage of pigs is 0.7 V at 0.5 ms , the pacing
impedance = 953 Q. The pacing threshold energy is about 0.262 pJ?.

Supplementary Note 6
Output voltage and power of iTENG under different heart states

we record the output voltage of iTENG under resting (~50 bpm), active (~90 bpm),
and stressing (~130 bpm) states (Adult Yorkshire porcine, male, 35 kg, in correcting
arrhythmia experiments). The peak voltages of iTENG were about 32 V, 38 V, and 31
V under resting (~50 bpm), active (~90 bpm), and stressing (~130 bpm) states,
respectively. The output voltage amplitudes have little changes, and the output power
would increase with the heart rate if the strength of heart beat kept constant.

In this specific application, we have obtained the energy harvested in each cycle En
= 0.430 WJ (AVoc =41V, Q = 21 nC, ~82 bpm), in correcting arrhythmia on large
animal model experiment (Supplementary Note 4 Calculation of the energy harvested
during each cardiac motion cycle).

The output power can be derived from the following equation:

Ett = Qscmax AV (11)
Qireng = CitengViTENG (12)
Ey = % CirengVocmax AV (13)

P = Ey X HR/60 (14)

Here, the Citeng is the capacitance of the iTENG. Thus the output power of iTENG
were as follows:
P=0.218 uW =50 bpm X 0.262 pJ, under resting state (~50 bpm);
P=10.555 pW =90 bpm X 0.370 pJ, under active state (~90 bpm);

P=0.533 uW = 130 bpm X 0.246 pJ, under stressing state (~130 bpm).
21



The maximum ouput power of iITENG was 0.553 uW under active state of heart.

Heart state (HR) Resting (~50 bpm) Active (~90 bpm) Stressing (~130 bpm)
Output voltages 31V 38V 32V
Output Power 0.218 pW 0.555 pW 0.533 uW

(The output voltage and power have been evaluated under resting (~50 bpm), active

(~90 bpm), and stressing (~130 bpm) states)

Supplementary Note 7
Calculation of energy efficiency for ITENG
The energy efficiency of iTENG in pacing experiment can be estimated according

to the following formula:

Stored Energy
o — (15)

Energy efﬁCienCy (n) - Harvested Energy

Therefore, all energy harvested from the heart is:
Ex = Enpercyce X T X HR =0.495 pJ X 200 min X 77 bpm= 7623 pJ  (16)
The energy stored in the energy management unit is:

Estroed = 3 X C X V2 = 2x 100 uF x (3.55 V)? = 630.1 uJ (17)

Estroed — 630.1J
Eharvested 7623 Wl

n= =83% (18)

Thus, the stored energy is 630.1 uJ and the energy efficiency is 8.3 %.

Supplementary Note 8
Commercial pacemaker drived by iTENG

The iTENG was connected to a 100 uF capacitor through a rectifier. Within 190 min,
the voltage of capacitor be charged from 0 to 3.55 V. The electric energy was driving
the commercial pacemaker (Adapta, ADDRO03, Medtronic) produce the stimulus pulses
signals. The voltage was detected by an electrometer (Keithley 6517B) and recorded

by oscilloscope (Teledyne LeCroy HD 4096).
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Supplementary Note 9
LED drived by iTENG

The LEDs were directly connected with iTENG that was implanted between the
heart and pericardium. LED light signal was captured by the camera. The relative
luminous intensity of the LED light-emitting region was analyzed using image analysis

software (Image-Pro Plus 6.0).
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