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Supplementary Notes
Supplementary Note 1: Temperature measurement process from AECD in the
acoustic communication experiment.

For the temperature sensor, the response relationship between temperature and
output voltage can be described by the following equation from the chip datasheet,

where T,, is the measured temperature and is the temperature sensor’s voltage

VTAO

output.

T,, =—0.193°C/mV xV,,, +212.009°C, (ST)

The AECD’s ADC set up is that ADC reference voltage is set as 1.1V and resolution
is set as 8-bit. For the temperature sensor, and the ADC measurement result can be
calculated by the following equation.

V,, x 256

ADC = (82)

REF

where ADC, v,, and V, is the acquired result (an integer number), the

REF

measured analog electrical signal (here Vv ) and the ADC reference voltage

N = Vra0
(here Vg =1.1v).

Take a temperature measurement calculation for example. When the environment
temperature is about 26.2°C (T,, = 26.2°C ),according to the thermoelectrical response,
the temperature sensor would output an analog electrical signal (V,,, =962.7mV =V, ),
calculated based on S1. After ADC process, the MCU inside the AECD would get an
integer number ( ADC = 224 ), calculated based on S2. To minimize data cycle size, the
obtained integer subtracts 200 to be used as the ultimate data (here
ultimateData = ADC — 200 = 24). Next, through an 1O port, according the ultimate
data, the AECD would transmit an intermittent pulse signal (here contains 24 pulse
number in one data cycle) to simulate the emissive ultrasonic transducer, making it to
transmit specific ultrasound that carries the temperature data.

Supplementary Note 2: The mean relative error calculation process.

The mean relative error calculation is based on the following equation,

NSampIe _
MRE = 1 Z ( xmeas xtrue )’ (S3)
Sample n=0 Xtrue

Where X, a0 Xiruer Noampies MRE  are the measured value, the true value, total

sample number and mean relative error calculation result.



Supplementary Note 3: Calculation of the SNR in the acoustic communication
experiment.

In the acoustic communication, frequency analysis (Fig S8) have shown great SNR
(Signal to Noise Ratio) for the received communication ultrasound. Here, the received
signal is divided into two parts: signal part and noise part. In order to quantitative

analysis the noise level, SNR is calculated based on the following formula.

SNRzlologm[S'gr_'a' power}, (S4)
Noise power
Where,
NSignaI 2
Signal power = > [ X signat| (S5)
Signal n=0
NNoise 2
Noise power = n.Noise| (S6)
Noise n=0
where, X, oas Xonoise» Nsiga and N is the signal sample value, the noise

sample value, the signal sample number and the noise sample number.

Therefore, for the received communication ultrasound, the SNR is 16.8192.

Supplementary Note 4: Calculation of the acoustic power and energy efficiency.
Supplementary Figure S13 has explored the acoustic energy transfer power and
efficiency. At that experiment, the consumed power Pin is the power applied on the

transmitter ultrasound transducer, which is calculated by the following formula.

j Umlmdt -

where, U;, and |, is the voltage and current of the transmitter ultrasound

transducer.

The received power Pout is the power of the receiver system, which is calculated

by the following formula.

U 2

Pouﬁ( eﬁj (R+1) (S8)
R
U

Ueff — out, peak — peak (89)

2\2



R=r=110Q (S10)

where, U, U R and [ is the voltage effective value and peak-peak

out, peak— peak »
value of the receiver ultrasound transducer, load resistance value in receiver system and
internal resistance value of the receiver ultrasound transducer at 2MHz.

The energy transfer efficiency is calculated by the following formula.

Fou (S11)

nefﬁciency = P
in

Supplementary Note 5: Alignment between internal ultrasound transducers and
external transducers.

Here is how we did the alignment. When implanting the AECD inside the tissue,
we recorded how deep we put it in and estimated the positions of the internal
transducers (internal receiver transducer and internal transmitting transducer), then we
moved the external transducers around that estimated the positions meanwhile
recording the response voltage of the external receiver transducer until the response got
maximum.

Supplementary Note 6: Data bandwidth and transmission performance of the
AECD based on the acoustic communication method.

Here, the maximum data bandwidth is at least up to 0.4kHz ( f,,, =407Hz, Fig
S8b). While, the frequency of the rabbit heart beat signal is about 38Hz ( f_.; =38Hz,
Fig S16). According to the Shannon's sampling theorem, in order to recover the
measured signal, the sampling frequency should be at least upper then 2 times of signal
frequency ( foping = 2 fiigna )- Therefore, here, the AECD is capable of capturing and

transmitting the rabbit’s ECG signal ( f,,, > 2f_;).

data
Supplementary Note 7: Illustration of the AECD’s stretchability principle.

The function components’ rigidity are much bigger then the encapsulation part and the
ultrathin serpentine interconnections, so when applying deformation (for example
stretching the system), the encapsulation part and ultrathin serpentine interconnections
would be stretched, resulting in the AECD’s being stretched, while during this process
the rigid function components can keep almost undeformed (A detailed stretch and

recover process could well demonstrated that, in Fig S14).

Supplementary Note 8: Analysis of the influence of layer materials variance on the

ultrasonic energy transmission for the EETE.



According to acoustic theory, when the ultrasound travels across the interface
between two material layers, the incident wave will be divided into reflected wave and
transmitted wave. The acoustic energy ratio between the transmitted wave and the
incident wave can be determined by the transmission coefficient of acoustic intensity

7, . In vertical incidence situation, z, can be calculated by the following equation (S12):

r=h_ AL, (S12)
L (2,+2,)
Where, 1,, I, denotes the acoustic intensity of transmitted wave and incident wave;

Z,, Z, denotes the acoustic impedance of the layers traveled by transmitted wave and
incident wave.

Here, for the structure of EETE, there exist two acoustic interfaces: Ecoflex-Water
interface and Ecoflex-Perspex interface. The structure illustration and material acoustic
impedance value are shown in Supplementary Figure S9.

According to the equation S12, we have individually calculated the transmission
coefficient of acoustic intensity z, for these two interfaces. The calculated result is
shown in the Supplementary Figure S17. According to the result (Fig. S17c¢), the
transmission loss for ultrasound traveling across the interface is mild, that is about 1.61%
for Ecoflex-Water interface and 6.52% for Ecoflex-Perspex interface.

Supplementary Note 9: Analysis of the influence of receiving angle on the
ultrasonic energy transmission.

We have explored the energy receiving efficiency vs the receiving angle through
simulation (Fig S18). In this simulation, we have characterized the received energy by
Z P> (P is the acoustic pressure in the received plate). According to the result, as
shown in the Supplementary Figure S18, when the deflection angle is within 10 degree,
the energy efficiency drops rapidly (from 100% « =0" to 76% o« =10") and then the
drop-speed slows down (from 76% o =10" to 63% « =30").

Supplementary Note 10: Acoustic transmission performance comparing between
the EETE and a single PZT plate.

Here, we have compared the acoustic transmission performance between the EETE and
a single PZT plate through simulation, as shown in the Supplementary Figure S19. In
the acoustic pressure field simulation (acoustic pressure is directly related with the
acoustic energy), in the sake of setting equal excitation condition and environmental
condition, here we set the transmitter length of EETE’s single element as ds, and set

the transmitter length of a single PZT plate as 5ds . Moreover, in order to characterizing



the focus effect, for both two simulation models, we considering the receiver point at
the same depth place (at the focus point). In addition, for both two simulation models,
the initial pressure excitation is all set as 10 Pa. According to the result (Supplementary
Figure S19c), the received acoustic pressure by the EETE is about 7.25 times of by a
single PZT plate.
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Supplementary Figure S1 | Additional instructions for cardiac pacing experiments
(a) Recording Rabbit’s normal ECG. (b) Recording PVDF sensor’s signal when

attached on rabbit’s heart.
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Supplementary Figure S2 | [llustration, shows PZTs and its’ soldering connections.
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Supplementary Figure S3 | Resonant frequency testing of the cured PZTs, using a

swept-frequency signal to simulated an ultrasonic probe and simultaneously

recording the voltage response of the cured PZTs.
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Designator Component Value or Product Number
C1. C2 Capacitance 1uF
C3 Capacitance 10uF
c4 Capacitance 4.7uF
U1 Voltage MCP1501
Reference
Uz Microcontroller ATtiny85V
U3 Rectifier LTC3588
U4 Temperature LMT70YFQR
Sensor
P1-P12 Copper pad -

Supplementary Figure S4 | Layout and component information of the AECD. (a)

Electrical layout diagrams of AECD. (b) Components information used in AECD.
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Supplementary Figure S5 | Ultrasonic energy transfer test cross biological tissue

with depth (ultrasound frequency is 2MHz). (a) Optical picture of the experiment

setup, using fat and muscle as transmission media. (b) The ultrasonic energy transfer

efficiency, with different transfer depth and transmission media. ("Photo Credit: Peng

Jin, Tsinghua University")
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Supplementary Figure S6 | Electrical robustness of AECD under different
deformation configuration (ultrasound frequency is 2MHz). Optical picture of the
AECD, receiving ultrasound and converting it to electrical energy under different
deformation configuration (a) in flatten state, (b) in bent state and (c) in twisted state.
The excitation voltage versus the supply voltage in AECD when it’s under different
deformation configuration (d) in flatten state, (e) in bent state and (f) in twisted state.

("Photo Credit: Peng Jin, Tsinghua University")
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Supplementary Figure S7 | Maximum sound pressure experiment. (a) Optical
picture of the hydrophone, used for measuring the sound pressure. (b) Maximum
response voltage of the hydrophone, measuring at the bottom center point of EETE
when it’s the focus point of EETE, and the ultrasound frequency adopt here is 2MHz.

(c) Table of the hydrophone’s conversion coefficient. ("Photo Credit: Peng Jin,

Tsinghua University")
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Supplementary Figure S8 | Frequency analysis for the ultrasound signal in the
acoustic communication experiment. (b) The ultrasound signal in time-domain,
transmitted by the AECD in the acoustic communication experiment, (a) the zoomed
ultrasound signal in time-domain and (c) the zoomed noise signal in time-domain. (e)
Power spectrum of the ultrasound signal, transmitted by the AECD in the acoustic
communication experiment, (d) power spectrum of the zoomed ultrasound signal and
(f) power spectrum of the zoomed noise signal. (h) Spectrogram of the ultrasound signal,
transmitted by the AECD in the acoustic communication experiment, (g) spectrogram

of the zoomed ultrasound signal and (i) spectrogram of the zoomed noise signal.
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Material Density (kg/m?) Wave Velocity (m/s) Acoustic Impedance (MRayl)
Ecoflex 1154 1658 1.91
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Supplementary Figure S9 | Acoustic impedance analysis of EETE (a) Structure

illustration of EETE. (b) Acoustic property of different layer materials of EETE. (Data

of Ecoflex is determined by experiment, while data of Water and Perspex is referred

from scholar Rathod (76))
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Supplementary Figure S10 | Charging rate characterization of the AECD. (a)
[lustration of the experiment setup. (b) Measured power recovery signal of the AECD

during charging process.
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Supplementary Figure S11 | Structure illustration of the AECD used in the in vivo
animal experiment. (a) Connection illustration of the stimulating electrode and the
PVDF sensor on the AECD. (b) Illustration of the device placement in the in vivo

animal experiment. ("Photo Credit: Peng Jin, Tsinghua University")
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Supplementary Figure S12 | High-temperature reflow process influence on the
acoustic performance of the PZT. Optical images of the ultrasound emitter (an
ultrasonic probe) and the ultrasound receiver (a PZT plate), that (a) the PZT plate is
connected by silver paint curing at 60°C for 30 min and (c) the PZT plate is soldered
by solder paste curing at 190°C for 15 seconds. Acoustoelectric response of PZT plate,
that (a) the receiver PZT plate is connected by silver paint and (b) the receiver PZT
plate is soldered by solder paste, with the same excitation applying on the ultrasound

emitter (an ultrasonic probe). ("Photo Credit: Peng Jin, Tsinghua University")



(@)

Pork Tissue

AC

out
Load

R=110Q2

11Q L, 1
| R — |
‘ d=5mm ‘
(b) (c)
6 T T T T T T T T T
1 —3 Excitation Voltage U, (V) 4+ P, =T5mW [—— Response Voltage U,,, (V)]
B, =328mWw Excitation Current /, (A) | 4 0.4 ’7"; — 930, )
— egciency
_ 4 S " N ] A
2 < 3 [ \ [\ A
= loz & > 2t [\ [ [ [ I
2 7 S o8 | /) | /)
o € g ‘ \ \ | [ |
2 [ = \ | \ | | \ | | | |
= £ S w - ‘ [ Y T
g o 03 5 of [ | N A N A Y R O
5 5 2 A A Y (Y A Y B T
kel 2 s T R A T A
g 7] - 1 A O Y A O
& 0rE @ o2p N A N 1
-4+ \V \ \V \ /
4-04
6 4 J
0.0 05 10 15 20 25 0.0 0.5 1.0 1.5 2.0 25
Time (us) Time (us)

Supplementary Figure S13 | Power and efficiency characterization of the acoustic

energy transfer method cross pork tissue. (a) Schematic diagram of electrical

connection, that the receiver ultrasound transducer is connected in series with a load

resistance at 110 Ohm, which is close to the matched transducer’s resistance at 2MHz.

(b) Measured electrical waveforms of the excitation voltage Uin and current lin for

calculating the consumed power Pin. (c) Measured electrical waveform of the response

voltage of the receiver ultrasound transducer for calculating the received power Pout.



Supplementary Figure S14: Images of the uniaxial tensile test. (a) The 0% original
state. (b) The 20% tensile state of the entire device and its recovery. ("Photo Credit:

Peng Jin, Tsinghua University")
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Supplementary Figure S15: Repeat mechanical testing. (a) Optical image of the
device without load. (b) Optical image of the device under bending load configuration.
(c) wireless acoustic communication result (pulse number at 220, measured temperature
at 29°C) performed by the AECD after repeat bending load (500 times load, bending
angle at 80 degree, load speed at 1 circle/second). ("Photo Credit: Peng Jin, Tsinghua

University")
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Supplementary Figure S16: Frequency analysis of the rabbit’s ECG signal.
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Supplementary Figure S17: The influence of layer materials variance on the
ultrasonic energy transmission. The acoustic reflection and transmission illustration
on (a) Ecoflex-Water interface and (b) Ecoflex-Perspex interface. (c) A table shows the
transmission coefficient of acoustic intensity for Ecoflex-Water interface and Ecoflex-

Perspex interface.
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Supplementary Figure S18: The influence of receiving angle on the ultrasonic
energy transmission. (a) Illustration of the geometric relations. (b) Acoustic pressure

simulation result for the EETE. (c) Received energy vs different deflection angle «

that the result is normalized by the maximum received energy(a=0).
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Supplementary Figure S19: Acoustic transmission performance comparing
between the EETE and a single PZT plate. (a) Acoustic pressure field simulation
result for a single PZT plate. (b) Acoustic pressure field simulation result for the EETE.

(c) A table, showing the acoustic transmission comparing between the EETE and a

single PZT plate.



Supplementary Table

Power Efficienc Frequenc Distance
Method Year/Ref Device dimension intensity y quency stretchable
P (%) (MHz) (mm)
(mW/cm™)
»l
2021/ Our 6% 2.5cm 95 23 2 50 Yes
device
) 2020/(49) 0.31 X 0.19 X 0.08 cm 56 20.6 1.85 18 No
Acoustic
(APT)
2015/(82) 0.4 X 0.78 cm 36 - 30 60 No
2010/(83) 1.4 cm? (transducer size) 71 39 0.65 3 No
2019/(71) 3X3X03cm 0.42 - 13.56 - Yes
Inductive  2013/(80) 3X lem 0.32 - 13.56 24 No
coupling
(IPT) 2012/(76) 70 cm? (transducer size) 113 90 13.56 71 No
2011/(81) 1.2 cm? (transducer size) 22.5 4.82 13.56 7 No
2019/(79) 477 X 226 cm 0.07 - 128 29 Yes
Radio 2017/(77) 1.16 X 1.59 cm 0.27 0.03 1200 58 No
frequency
(RF) 2014/(15) 0.06 cm? (transducer size) ~ 5.97 0.08 1600 20 No
2011/(78) 0.78 cm? (transducer size) 0.0029 1.73 2400 15 No

Supplementary Table S1: Comparison of our device with other existing system

based on different wireless powering mechanisms.
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