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Supplementary Note 1. Device piezoelectricity

To realize the electrical stimulation for chronic pain management, the direct and in-direct
piezoelectric effects were applied during the utilization of the ultrasound-induced wireless
implantable (UIWI) Stimulator and wearable ultrasound transmitter (WUT). The indirect
piezoelectric effect occurred in the WUT. The input voltage generated from the function
generator and amplified by RF amplifier was utilized to drive the WUT. The piezoelectric material
of the WUT is subjected to the electric field in the polarization direction, causing the periodic
mechanical deformation (at a frequency consistent with the input electrical signal) and
transmitting the ultrasound wave as a mechanical force 2. This process is converting electric
energy into mechanical energy. Afterwards, the propagated ultrasound penetrated through the
tissue and directly hit the surface of the piezo-element in UIWI stimulator, causing periodic
mechanical deformation (at a frequency consistent with the ultrasound) of the piezo-element.
When the structure of the piezo-element was mechanically deformed, induced charges emerged
on the top and bottom electrodes. The induced charges flow through the external structure
equalizes the resulting piezoelectric field. The charges move through the connected external
circuit. Hence, the UIWI stimulator is wirelessly powered by ultrasound emitted by WUT and this
UIWI device called ultrasonic wireless implant. Finally, the ultrasonic energy is converted into an
output of piezoelectric potential by the UIWI stimulator, leading the electrodes to achieving
electrical stimulation inside the spinal cord to realize personalized chronic pain management.



Supplementary Note 2. Characterization of piezo-element

To characterize the performance of the piezoelectric composite element, the
electromechanical coupling coefficient (k:), piezoelectric coefficient (dss), and voltage coefficient
(933) were measured and calculated. dss of the piezomaterial illustrates the relationship between
polarization and stress at constant field, which can be measured directly by ds3 meter (YE2730A,
APC international, Ltd., Mackeyville, PA, USA) 3. ki represents the conversion efficiency between

electrical and acoustic energy in piezo-element, which can be determined by following equation
4
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where fr and fa is resonant frequency and anti-resonant frequency of the tested piezo-element.
And they were determined by Impedance analyzer (Agilent 4294A, Santa Clara, CA, USA).
Besides, the gss, illustrating the sensitivity of the piezocomposite to sense ultrasound, can be
calculated as °,
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Where ¢'s3is the relative dielectric Constant, and it can be described as °,
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Where CTis the capacitance of the piezo-element, h is the thickness of the piezo-element, and
A is the area of the piezo-element. The capacitance and dielectric loss were characterized by
1715 LCR Digibridge (QuadTech, CA, USA). All the parameters and calculated results of the
fabricated piezo-element are listed in Supplementary Table 2.

To calculate the energy efficiency of the UIWI stimulator, two parts of the power will be
considered. First, the transmitted acoustic power from wearable ultrasound transmitter will be
considered. The acoustic power (Pa) was computed as the integration of acoustic intensity in
area based on the hydrophone mapping result (Supplementary Fig. 15). Second, the received
electrical power will be calculated by the converted electrical voltage as Pr = (U%/R) * duty cycle.
Hence, the efficiency can be demonstrated as Pi/Pa. In the study, the power conversion
efficiency of the UIWI stimulator device under the working condition (Input of 1 -10 V for wearable
ultrasound transmitter) achieved 3.57%.



Supplementary Note 3. The discussion of the electrodes in the UIWI stimulator

To demonstrate the potential long-term usage of the UIWI stimulator, accelerated lifetime
testing (ALT) was applied to characterize the post-implantation performance of the electrode in
UIWI stimulator. ALT can effectively shorten the testing cycle while mimicking the in-body
environment after implantation. We performed ALT on our fabricated device to provide a better
understanding of the underly factors that can cause implant failure or complications. According
to the Arrhenius modeling of reaction acceleration, the ‘aging factor’ can be determined using
the equation below:

i Taccelerated'Ttarget 4

Aging factor= Q4 70 (4)
Where it is common to use 2 for Q,, and in our case, Taccelerated IS 70 degrees Celsius and Ttarget
is 37 degrees Celsius®. An 10x acceleration factor can be calculated for our study.

Electrochemical impedance spectroscopy (EIS) and high-resolution imaging was used to
characterize electrode stability during ALT. The mean-time-to-failure (MTTF) was determined
when the measured 1 kHz impedance of the samples changed over 25% of the initial value .
As shown in Supplementary Fig. 7a - b, we have identified the device to reach failure point at
day 3. This result corresponds to device failure after 30 days post-implantation. The high-
resolution microscope image shown in Supplementary Fig. 7c also indicates fluid leaking into
the polyimide-polyimide interface, impairing electrode integrity. Therefore, even though the
device has shown potential for long-term usage, much more work needs to be done to optimize
the stability of the polymer-to-polymer and polymer-to-metal interfaces. As a result, for future
work, we plan on investigating ways to improve interfacial adhesion as mentioned above. Much
work has been done on this field, and we hypothesize if we adopt those methods, we will see a
more enhanced long-term stability performance. Specifically, we plan on adding an oxygen
plasma treatment step on the polyimide films as well as using silicon carbide as an adhesion
layer for our future device studies®®. Besides, it should be noted that the proposed prototype
works under voltage mode, which could have negative impacts on safety and electrode longevity.
In future iterations of our device design, we will also plan to incorporate application specific
integrated circuit (ASIC) consisting of power management, control, and stimulation modules that
will enable stable biphasic current output based on the varying neural impedance. This aspect
of current-controlled biphasic stimulation with improved electrodes by ultrasound-induced
wireless implant device will be a focal point of our subsequent research efforts for future
translational studies.



Supplementary Note 4. Acoustic pressure & intensity and Mechanical index calculation

WUT was applied to transmit the ultrasonic energy to hit the piezo-element of the UIWI
stimulator to convert the ultrasound into electrical stimulus signal. To ensure the transmitting
ultrasonic energy under the FDA proved standard, the hydrophone was utilized to measure and
calibrate the acoustic/ultrasonic energy from WUT. Hydrophone probe is a sensitive ultrasound
transducer that converts received acoustic pressure from exciting probe into electrical voltage
signals %1, And it is capable of sensing acoustic wave over a broad range of frequencies with
high spatial resolution. The recorded voltage can correspond to specific acoustic pressure based
on the hydrophone’s sensitivity curve, which is already calibrated by manufacture 1213, Thus, the
acoustic peak negative pressure (Ppeak-) from the WUT can be calculated and determined by
following equation 3,
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where Vpeak- IS the peak negative voltage. Afterwards, the Mechanical Index is calculated by the
following equation 4:

P peak-

J (6)

Ml =

where fc is the central frequency of the WUT. Moreover, to calculate the spatial-peak-pulse
average intensity (lsppa), the following equation is shown 15,
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Where p is the background density (Dl-water), C is the acoustic velocity in background (DI-
Water). Based on the Duty cycle,

Duty cycle = PD x PRF (8)
where PD is pulse-duration, and PRF is pulse repetition frequency. Hence the spatial peak

temporal average intensity (Ispta) can be calculated as,

Ispta=Isppa XDuty Cycle

9)

Hence, the acoustic pressure and intensity of the WUT under different input voltage can be
calculated and determined. The calculated results are listed in Supplementary Table 4.



Supplementary Notes 5. Ultrasound response on spinal cord during pain management

To explore the direct effects of ultrasound stimulation on spinal nerve activity, we conducted
a series of experiments to determine whether ultrasound stimulation could enhance or inhibit
signal conduction within the spinal nerves. Given that the animals were under anesthesia, there
was minimal conduction of motor neural signals. Previous studies have attempted to induce
changes in muscle potentials in the legs by directly electrically stimulating the motor cortex of
the brain. Herein, in Supplementary Fig. 24, we selected direct electrical stimulation of the
spinal nerves to induce motor potentials in the legs, implementing electrical stimulation between
the T11 and T12 vertebrae using screws. This setup allowed us to adjust the amplitude of the
induced electrical stimulation, thereby inducing varying response levels. Without removing the
bone of the spinal cord, 1 MHz ultrasound stimulation was then applied to the L4-L5 segment
and recorded electromyography (EMG) signals from both the left and right legs. Our data
acquisition system facilitated real-time control of the electrical stimulation.’

The parameters for electrical stimulation were derived from existing literature and followed
established protocols, with a frequency of 100 Hz and pulses repeated 10 times with 5-second
intervals. In contrast, ultrasound stimulation was administered with shorter 1-second intervals
and a burst duration of 300 ms (30% - duty cycle), while EMG signals were simultaneously
recorded?®2, An initial electrical stimulation of 0.08 mA was applied, repeated ten times, as this
was the minimum current required to establish a stable potential. We explored three different
ultrasound stimulation intensities to assess the impact of ultrasound intensity (Supplementary
Fig. 25). It was observed that at an ultrasound intensity of 2.8 MPa, the potentials remained
unchanged. Increasing the ultrasound stimulation intensity to 3.3 MPa resulted in noticeable
differences in both maximum and average peak values. At an extremely high stimulation
intensity of 3.8 MPa, peak values were significantly inhibited, but the potentials were not
completely suppressed.

In summary, the high-intensity US stimulation may partially obstruct neural signal transmission
in spinal nerves, but does not completely inhibit signaling. Note that, in our study, the ultrasound
stimulation intensities (acoustic intensity) used was below 2.8 MPa, which illustrated that our
applied ultrasound energy from WUT did not adversely affect signal transmission during pain
management.



Supplementary Note 6. Sample entropy

Entropy is a fundamental thermodynamics concept widely used in analyzing various physical
signals, including electrophysiological signal 22?4, Entropy is a valuable tool for assessing the
randomness and predictability of a system. Recent investigations have focused on applying
entropy to investigate EEG under different conditions and in various neurological disorders 2528,
Herein, our study aims to compare different entropy indices with other physiological indicators
and examine the applications of entropy in diverse physiological contexts.

The electrophysiological signal data points x(n) ranges from 1 to the length of the time series
data N. The data length in the study is each 0.5 seconds as a time series to analyze the data
with a 40 kHz sampling frequency record as a cycle to complete a Sample Entropy (SE)
calculation 2°. Consequently, define two vectors: x(n)=x(i), where i = 1, 2,..., N. At first, X(1) to
X(N-m+1), can be defined as ,

X(=[x@), x(+1), ..., x(i+m-1)] (10)

Where m represents the embedding dimension, which determines the data patterns' length. The
comparison process, X(i) and X(j), examines the relationship between the template and adjacent
data points. The extent of regularity or irregularity within the time series can be assessed by
evaluating the similarity or dissimilarity between consecutive data points. This analysis allows
for the detection of patterns and dependencies between neighboring data points, providing
insights into the complexity and underlying dynamics of the time series. X(j) time series can be
defined in the time series as °,

X@=[xG), x@+1),...x(+m-1)] (11)

The distance, d[X(i), X(j)], pertaining to vectors X(i) and X(j), is precisely characterized as the

AX X max, [x+)x(+0)]] (12)

maximum absolute difference observed among their respective scalar components.
To calculate the SE, the template vector of possible vectors, BiM(r), can be calculated as 0,
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where V™ represents the number of distances when d[X(i), X(j)] < r and m=m+1. And all the

template vectors can be added by following the equation ,

Bm(r)=_imz B™(r) (14)

r is the tolerance level, indicating the maximum acceptable difference between data points. The
same methodology is established by calculating the model vector, Am(r), as follows 30,
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In this investigation, we computed entropy measures for individual rats in order to evaluate the
effects of pain stimuli. Serving as a credible metric, entropy reliably confirmed that the
administered pain was substantial enough to induce alterations in the rats' physiological
responses, which can be subsequently correlated with other relevant indices in our analysis.



Supplementary Note 7. Future design of the WUT

For current chronic pain management system, the WUT based on cable-connected power
supply seems bulky and tedious. To further demonstrate the feasibility of applied WUT for
potential long-term operation, the future direction of the advanced WUT will be planned and
designed to achieve an untethered system for chronic pain management in the future. And the
battery size that can be assembled with WUT for 2-3 days operation will be estimated based on
the stimulation modes for treating the general chronic pain symptom.

In future design of the wireless WUT, extreme pain symptom treatment will be considered as
example for battery calculation as extreme stimulation mode will cost more power consumption
compared to other two pain symptoms (moderate pain and slight pain models). The generation
of extreme stimulation mode for treating extreme pain symptoms needs at least effective power
of 4mW (based on the driving voltage of 2 Vpp, cycle of 1000, interval of 5ms, 15 min duration
for one treatment). To replace the functional generator and amplifier, a customized PCB
(Supplementary Figure 31) is designed and lay out and will be fabricated in the future for
connecting the WUT as wireless device. In the design, it contains a Bluetooth part (for remote
control) and Direct Digital Synthesis (DDS) part (for sin wave formation), and a power module
part (for power supplying both Bluetooth and DDS). Normally, a lower energy Bluetooth has
power consumption about 30 - 40mW (nRF52840, Nordic semiconductor, Trondheim, Norway),
a common DDS requires a power consumption of 1:00mW (AD9850, Analog Devices, Wilmington,
MA, USA), and a typical power module achieved a conversion efficiency of 80% (LM2596, Texas
Instruments, TX, USA). Thus, to supply the wireless WUT for one-time extreme pain symptom
treatment, the total power needs from Li-ion battery will be approximately 200mW. For patient
with chronic pain, the treatment frequency will be one stimulation treatment per hour 3132, Thus,
the required energy for 2-day operation can be calculated and estimated as below:

Required energy = Power x time (18)

Based on the reference 3339, a typical energy density of lithium-ion battery is about 400 Wh/L.
Hence, the battery volume can be estimated as,

Battery volume= Required energy / Energy density (29)

Therefore, to achieve a two-day operation for wireless/untethered WUT, the lithium-ion battery
will require an approximate volume of 6 cm?, which can be manufactured approximately as
3.5cm x 3.5cm x 0.5cm as an acceptable size for wearability. However, based on the battery
volume estimation, current battery technology may still face challenges in producing smaller
battery sizes. In the next step, power management will be optimized to reduce overall
consumption. Additionally, hybrid power solutions, such as combining with energy harvesting

will be explored to further reduce the overall battery size for untethered operation of the WUT 40-
42
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Supplementary Figure 1. Design of UIWI stimulator. a The circuit diagram of the UIWI
stimulator. b The diagram of the working structure for UIWI stimulator.
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Supplementary Figure 2. Vibration modes and electrical impedance and phase spectrum
of three different piezoelectric materials. a Vibration mode of three types of structures (bulk
structure, 2-2 composite structures, and 1-3 composite structures). b The electrical impedance
and phase spectrum of bulk and 2-2 composite structures. The results show that bulk structure
has a k: of 0.47, and 2-2 composite has a k: of 0.58, and 1-3 composite structure has the highest
ki of 0.63 through suppressing transverse vibration.
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Supplementary Figure 3. Simulations of the different piezo-elements. Simulated
piezoelectric potentials inside PZT piezo-elements with 2-2 composite and bulk structures
induced by the same acoustic pressure (1 MPa). Element dimension of two structures, 2 mm x
2mm x 1 mm.
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Supplementary Figure 4. The fabrication of the 1-3 PZT/Epoxy composite for UIWI
stimulator. a Schematic diagram of the preparation process for the 1-3 PZT/Epoxy composite
and piezo-element for UIWI stimulator by applying dicing-and-filling technology. b Optical
images of the preparation for 1-3 PZT/Epoxy composite and the prepared piezo-element for
integration of UIWI stimulator. The prepared 1-3 composite achieves pillar width of 450 um and
kerf of 150 pum, with a volume fraction of 56.25%. After sputtering the Au/Cr (100 nm / 50 nm)
electrodes, the single piezo-element (2 mm x 2 mm x 1 mm) for UIWI stimulator was diced.
Scale bars, 1 mm.



Supplementary Figure 5. Micro-scale characterization of fabricated 1-3 PZT/Epoxy
composite element. a A Scanning electron microscope (SEM) image of the prepared piezo-
element with 1-3 composite structure. Scale bar, 0.5 mm. b A zoom-in SEM image of the
prepared piezo-element. Scale bar, 50 um. ¢ Energy dispersive spectroscopy (EDS) elemental
mapping of the fabricated piezo-element with composite structure. Scale bar, 600 pm.



Supplementary Figure 6. WUT and UIWI stimulator alignment. a Ultrasound imaging
guidance for locating the implanted UIWI stimulator. b WUT patched on the rat after locating the
UIWI stimulator, and the WUT without ultrasound coupling gel. ¢ Free movement of the rat with
WUT, and the WUT with the ultrasound coupling gel. Scale bars, 4 cm.
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Supplementary Figure 7. Accelerated lifetime testing. a. Impedance magnitude changes at
1 kHz during 5-day period. Dotted line represents threshold for electrode failure. b. Impedance
response for electrode of the UIWI stimulator. c. Optical microscopy images of the electrode at
day 1 and day 3. Scale bar, 4 mm.
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Supplementary Figure 8. Biocompatibility studies for the fully implantable UIWI stimulator
on rat. a Immunofluorescence Staining of wild type (WT) Group at T13: The blue fluorescence
represents DAPI, which labels cell nuclei; The magenta fluorescence represents GFAP, which
labels inflammatory factors; The green fluorescence represents TNF-a, which labels astrocytes.
b Experimental Group at T13. ¢ WT Group at L4. d Experimental Group at L4. e H&E staining
of the WT group at L4. f H&E staining of the Experimental Group at L4. Scale bar, 500 um.

To demonstrate the safety of the implanted device and ensure it does not induce spinal cord
inflammatory responses, we performed perfusions on wild type rats as control group and
experimental groups of rats which is 7 days post-implantation. Spinal cord tissues were extracted,
sectioned, and subjected to immunofluorescence staining. Detailed staining protocols are as
follows:

Rats underwent cardiac perfusion, after perfusion, the spinal cord was isolated and placed in 4%
paraformaldehyde fixative solution. Once the tissue was sufficiently softened, it was embedded
in paraffin for sectioning. After deparaffinization, the buffer (R-universal epitope buffer
#NCO0752579) and slices were placed in a container (189 mL water, 21 mL 10X buffer for every
2 slides), then the container was placed in a pressure cooker at 100°C for 5 minutes, and then
allowed to cool for 1 hour. The samples were then washed 3 times with 1X PBS. The slices were
permeabilized using a solution of 0.3% Triton X-100 in PBS with 10% serum from the secondary
antibody host species (Donkey Serum, DS, #56-646-05ML) for one hour at room temperature.
Following permeabilization, the sections were rinsed thrice in PBS.

1. TNF-a Staining

During spinal cord infection or injury, immune cells release TNFa, a cytokine that can trigger a
series of inflammatory responses, such as increased vascular permeability, release of other pro-
inflammatory cytokines (e.g., IL-1, IL-6), and recruitment of leukocytes. The expression level of
TNFa typically increases in cases of spinal cord inflammation or infection. Immunohistochemical



staining can detect the distribution of TNFa in the spinal cord, aiding in the assessment of
inflammatory responses.

Primary antibodies were diluted in a solution of 2.5% DS in PBS, specifically using mouse anti-
rat at a dilution of 1:100 (Rabbit anti-rat, Novus Biologicals™ Catalog No. NBP119532SS), and
the sections were incubated at room temperature overnight. Post-incubation, the sections were
washed three times with PBS containing 0.1% Triton X-100 (PBST). Secondary antibodies were
then prepared in PBS, using anti-rabbit 488 at a dilution of 1:1000 (Invitrogen, A-21206).
Sections were rinsed on a shaker in 0.1% PBST three times for 30 minutes each. Nuclear
staining was performed by adding DAPI diluted between 10,000 to 50,000 times in PBS for 30
minutes. After nuclear staining, sections were washed three times with PBS for 30 minutes each
rinse. Finally, the sections were mounted for microscopic examination.

2. GFAP Staining

In cases of inflammation or injury, astrocytes become activated and proliferate, significantly
increasing the expression of GFAP. Reactive astrogliosis helps to limit the damage area, but
excessive gliosis may lead to scar formation, further impacting neural function. GFAP
immunostaining can evaluate the activation status of astrocytes in the spinal cord, which is
crucial for assessing the presence of inflammation or injury.

Post-staining results showed that there were no significant differences in TNFa and GFAP
expression between the WT group and the experimental group, illustrating the expected potential
biocompatibility.

Primary antibody: GFAP at a dilution of 1:100 (Catalog No. #3670, Cell Signaling Technology,
Danvers, MA). Secondary antibody: Goat anti-Mouse 1gG (H+L), Alexa Fluor™ 647 at a dilution
of 1:1000 (Invitrogen, Catalog No. A-21235, USA).
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Supplementary Figure 9. Schematic diagram of output test platform for implanted UIWI
stimulator. After alignment of the WUT and UIWI stimulator, the degassed ultrasound gel
(EcoVue US Gel, HR Pharmaceuticals, Inc.), the coupling medium, was applied on the rat tissue
for propagating the ultrasound wave. The driving input voltage of the WUT was generated by
function generator and then amplified by a power amplifier. The oscilloscope was applied to
measure the output voltages from the UIWI stimulator.



0.4MHz 0.8MHz 1MHz 1.2MHz 1.6MHz
—~ 2
b
S O pemjujene ——
S5,
@Triggered Input — 5 Vpp
-4
8 ms
b 45
;%3.0—
5
8
3 15 j \
0.0

00 05 10 15 20
Frequency (MHz)

Supplementary Figure 10. Output of the UIWI stimulator with different driving frequencies.
a Waveforms of the outputs of the UIWI stimulator under frequency from 0.4 MHz to 1.6 MHz.
Interval time — 2 ms, Duty cycle — 5 %. b The tendency of the output under different frequency
(0.4 MHz — 1.6 MHz). It illustrates that UIWI stimulator has demonstrates the highest output
under 1 MHz (resonant frequency between WUT and piezo-receiver of UIWI stimulator).
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Supplementary Figure 11. The Field Il simulation results of the beam width in different
frequency (0.2 MHz — 10 MHz) of ultrasound transducer at same focal distance. Under the
same ultrasound transducer size, the beam width of the formed acoustic field by Field I
simulation is smaller when frequency is increasing 4344, For frequency of 0.5 MHz, the beam
width is over 3 mm, and the acoustic beam resolution for ultrasound energy transfer is lower. On
the other hand, when frequency is over 5 MHz, the acoustic beam width is smaller, but it will
have higher attenuation on tissue penetration. Thus, based on the size of piezo-receiver from
UIWI stimulator, the diameter of the -6 dB acoustic fields by 1 MHz ultrasound transducer
achieved ~1.5 mm which is smaller than the implanted piezo-receiver size, ensuring efficient
acoustic energy conversion on the piezo-element during operation.
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Supplementary Figure 12. Characterization of the WUT in pulse-echo performance. a The
measured pulse-echo performance of the WUT. The time located in maximum echo can
represent the time in dual way of the ultrasound propagation in the DI-water, calculating the focal
distance of the WUT as 25 mm. b The FFT spectrum (-6 dB fractional bandwidth) of the pulse-

echo response of the WUT. The -6 dB fractional bandwidth, and central frequency of WUT are
shown as 15%, and 1.04 MHz, respectively.
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Supplementary Figure 13. Characterization of the WUT in electrical impedance and phase.
The resonant frequency (fr) and anti-resonant frequency (fa) can be located as 0.95 MHz and
1.08 MHz, respectively. The central frequency is between the fr and fa, which is similar to the
tested results in Supplementary Fig. 11.
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Supplementary Figure 14. Characterization of the WUT with different acoustic intensities.
The hydrophone probe was applied to test the acoustic intensity of the WUT. The acoustic
pressure, mechanical index, and spatial peak temporal average intensity (Ispta) Of the WUT are
calculated and demonstrated. For further pain management in animal model demonstration, the
UIWI stimulator was driven by WUT under input of 1 V, hence, the WUT was working under the

U.S. Food and Drug Administration (FDA) regulatory limit on power flux density (lspta
<720 mW cm™2, Ml <1.9).
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Supplementary Figure 15. Characterization of the WUT in an acoustic field. a Measured
2D-acoustic field in C plane emitted by WUT, exhibiting a symmetrical focused acoustic field.
The color bar indicates the normalized acoustic pressure. Scale bar, 1Imm. b Measured 3D-
acoustic field emitted by WUT, showing a spatially confined acoustic field. The results show the
-6 dB beamwidth is 1.5 mm in diameter near the focus point, which is below the fabricated piezo-
element size of UIWI stimulator in C plane (2 mm x 2 mm).
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Supplementary Figure 16. Waveforms of unrectified output voltages of UIWI stimulator

under different input voltages. WUT driving frequency — 1 MHz, Interval time — 2 ms, Duty
cycle — 5 %.
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Supplementary Figure 17. Tendency of the unrectified output voltages and the
corresponded power density of the UIWI stimulator under different input voltages.
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Supplementary Figure 18. Waveforms of unrectified output voltages of a bulk structure and
b 2-2 composite structure under different input voltages. ¢ The comparison of unrectified output
voltages of the different structures against the triggered input voltage. The results show that 1-
3 Composite achieved highest output voltage due to the higher energy transfer efficiency. WUT
driving frequency — 1 MHz, Interval time — 2 ms, Duty cycle — 5 %. Scale bar, 1 mm.
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Supplementary Figure 19. Waveforms of the unrectified output voltages of UIWI
stimulator under different load resistances. WUT driving frequency — 1 MHz, interval time —
2 ms, duty cycle — 5 %, trigger input voltages — 10 Vpp. When resistance of the load increases,

the output voltage increases progressively at first, and then gradually flattens out under high
resistance loads.
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Supplementary Figure 20. Waveforms of the rectified output voltages of UIWI stimulator

under different input voltages. WUT driving frequency — 1 MHz, interval time — 2 ms, duty
cycle — 5 %.
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Supplementary Figure 21. Electrodes output measurement. a The details of the UIWI
stimulator electrodes. Six sets of electrodes on the two sides. The six electrodes on each side
were connected by one copper trace, thus, six sets of electrodes formed one pair of the
stimulating electrode on UIWI stimulation device for pain management. b The output voltages
tested from six sets electrodes. Since six sets of electrodes formed parallel circuits, the output
voltages of each set of electrodes are almost the same. WUT driving frequency — 1 MHz, interval
time — 2 ms, duty cycle — 5 %.



@Trigger Input- @Trigger Input- @Trigger Input-

0.8- 1 Vpp (50Hz) 2 Vpp (50Hz) 2 Vpp (200Hz)
' i 104 T4 1
0.6 1

>

% 0.4+

o

©

>
0.2

\ ‘, ‘| | al L
0.0 o - g
) 40 ms i

Supplementary Figure 22. Waveforms of rectified output voltages of UIWI stimulator for
application of chronic pain management. The interval of the driving WUT has been adjusted
for three different pain-symptom level (effective voltage of 199 mV, 20 ms / 50 Hz — slight pain;
effective voltage of 409 mV, 20 ms / 50 Hz — moderate pain; effective voltage of 417 mV, 5 ms/
200 Hz — extreme pain). The trigger input was set up as 1 Vpp for slight pain management, cycle
number: 1000. And the trigger input was set up as 2 Vpp for moderate and extreme pain
management, cycle number: 1000.
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Supplementary Figure 23. Simulation and measurement of the temperature increase on
tissue. a FEA simulation results of the temperature increase on tissue. Tissues mainly compose
of muscles was assumed and the initial body temperature is 37 °C. Acoustic properties and
attenuation in muscles were used in the simulation to mimic the real condition of the tissue #°.
Results show that temperature increase is lower than 0.5 °C when the input voltages are 2 Vpp
and 5 Vpp (our working input voltage in in-vivo test). b The infrared camera system (A700 IR
temperature measurement system, FLIR LLC, USA) was applied to record the temperature
change of the rat back tissue. The WUT was operated under the input voltage of 1 -2 Vpp (same



set-up when WUT applied in-vivo for pain-management), and the temperature of the rat back
was recorded at 0 min, 5 min, and 10 min. ¢ The temperature increasing tendency of the rat
back tissue during the use of the WUT. The results indicate that our WUT did not cause
substantial temperature change (< 0.5 °C) in tissue when applied in pain-treatment, illustrating
the bio-thermally safety of applying our WUT and UIWI stimulator 4. Data is presented as mean
temperatures (solid line) with shaded areas indicating the full range between maximum and
minimum temperature values in the measured area.
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Supplementary Figure 24. The Schematic diagram of the ultrasound stimulation for spinal
cord. Set parameters: For electrical stimulation, frequency of 100 Hz and pulses repeated 10
times with 5-second intervals. In contrast, for ultrasound stimulation, shorter 1-second intervals

and a burst duration of 300 ms.
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Supplementary Figure 25. Neural response without / with ultrasound stimulation. a - d
EMG response amplitude without ultrasound stimulation and with ultrasound (2.8 MPa — 3.8
MPa acoustic intensity). e Comparison of maximum peak value without and with ultrasound
stimulation. n = 15. p = 0.4069 between NO US and 2.8 MPa, p = 0.0036 between No US and
3.3 MPa, p < 0.0001 between NO US and 3.8 MPa. f Comparison of average peak value
without and with ultrasound stimulation. n = 36 for NO US, n = 34 for 2.8 MPa group, n = 65 for
3.3 MPa group, n = 92 for 3.8 MPa group. p = 0.4357 between NO US and 2.8 MPa, p =0.0173
between NO US and 3.3 MPa, p < 0.0001 between NO US and 3.8 MPa. Data is presented as
mean = S.E.M. one-way ANOVA (ns = non-significant, *p < 0.05, **p < 0.01, ***p < 0.0001).



Supplementary Figure 26. Schematic design of the electrodes and a holder for EEG signal
recording.



Micro-injector

Supplementary Figure 27. Virus injection for fiber photometry. Photometry was applied to
verify the classification of the three pain levels (SP, MP, and EP). A 2 mm diameter hole was
carefully created above the anterior cingulate cortex of the rat. Using the RWD R-480
microinjector, 0.5 uL of the GCaMP8m (pGP-AAV-syn-jGCaMP8m-WPRE, titer = 1x10'* vg/mL,
Addgene, USA) virus was injected at anteroposterior (AP) + 2.7 mm, mediolateral (ML) +1.0 mm
and dorsoventral (DV) — 2.0 mm. The injection process lasted for 30 min, after which the
microinjection needles remained in place for an additional 10 min. The needles were then raised
by 1 mm and left for an additional minute to facilitate the diffusion of virus particles away from
the injection site while minimizing their spread along the injection tract. A ceramic plug was
employed to deliver the excitation light and capture the fluorescence signal. The optical fiber
was implanted through the viral injection hole. The fixation of the ceramic plug was achieved
using silicon elastomer and dental cement. Scale bars, 1 cm.
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Supplementary Figure 28. The electrophysiological responses and spectral
representations of the anterior cingulate cortex (ACC) to pain stimuli. The
electrophysiological signals from the ACC under various stimulus conditions is represented. a
the neuron response of the vF stimuli (Slight, Moderate & Extreme Pain), along with the
corresponding spectral views. b the neuron response and spectral views to three types of laser
thermal stimuli. The arrows represent the start time of the stimuli.
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Supplementary Figure 29. The results of fiber-optic calcium imaging of the anterior
cingulate cortex (ACC) in response to pain stimuli. a The neuron responses to three types
of the vF stimuli (Slight, Moderate & Extreme Pain), b The neuron responses to three types of
laser thermal stimuli. The dotted line represents the start time of stimulus. The light trace
represents the estimated Z-score from the univariate latent state, and the shaded area denotes
the 95% confidence interval. The ceramic plug was used to deliver the excitation light and collect
fluorescence signal. The fiber photometry system (Neuroscience Console 500, Integrated
Flourance Mini Gen3, Doric Lenses, Canada) was used to emit the 470 nm excitation light and
collect the fluorescence signal, selectively capturing the response from the ACC.
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Supplementary Figure 30. Thermal stimulation pain management experiment by fixed-
rate pain management. a Schematic representation of chronic neuropathic pain management
model with fixed-rate stimulation. b Neural response to evoked pain stimuli captured by the EFPs
signals pre- and post- fixed-rate SCS treatment. The light gray trace represents the 4 groups of
the trails while the highlighted trail was the fifth experimental result. ¢ Comparison of average
amplitude of the EFP signal of evoked pain models before and after ultrasound-induced fixed-
rate SCS treatment. n = 6. **p = 0.0098 between - EP and + MP, **p = 0.0012 between -MP and
+ MP, ***p = 0.0009 between - SP and + MP. d Comparison of max filtered spikes’ amplitude
before and after fixed-rate SCS treatment on evoked pain models. n =6. *p = 0.039 between -
EP and + MP, ****p < 0.0001 between -MP and + MP, **p = 0.009 between - SP and + MP. e
Comparison of spike frequency before and after fixed-rate SCS treatment on evoked pain
models. n = 6. ****p < 0.0001 between - EP and + MP, ****p < 0.0001 between -MP and + MP,
ns p = 0.76 between - SP and + MP. Data is presented as mean + S.E.M. one-way ANOVA.
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Supplementary Figure 31. The future design of the WUT with wireless driving system.
DDS, Direct Digital Synthesis. WUT, Wearable Ultrasound Transmitter.
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Supplementary Figure 32. Feedback loop of chronic neuropathic pain management model.
In the study, the machine-learning model classifies the different pain level based on the neural
recordings, then different pain-level was corresponded to the specific electrical stimulation
modes from our proposed device and system. Since our system is closed-loop, it performs real-
time pain detection continuously while administering electrical stimulation therapy. If
misclassification occurs, and the pain signal is still be detected after this wrongly-classified
electrical stimulation, our system will automatically provide next feedback quickly to correct the
wrongly-classified electrical stimulation.




Supplementary Table 1. Features of the currently wireless energy transfer technologies.

Ultrasound Wave EM wave

Wave velocity 1500 m/s 3x10° m/s

Wavelength pum level mm level
Commonly used Frequency 1-10 MHz 2 GHz - 10 GHz

Attenuation 0.5—-1dBcm™ (~2 MHz) 10-12 dB cm™ (~2 GHz)
Power efficiency 2% - 20% 1% -29%
Medium Required None
FDA limited power flux density 720 mW/cm’ 10 mW/cm’

Ref

3,46-58




Supplementary Table 2. Comparison between our work and other representative stimulus
works for pain management.

Ref59 Reft0 Reft! Ref®2 Our Work
. _ Electrical/ . ,
Type Electrical Cooling Light Optogenetic Electrical
g
) Waveform o
Link liquid coolant AC/IR Blue laser Ultrasound
Generator
Stimulus peroneal o Unmyelinated ) ]
. sciatic nerve Brain Spina cord
location nerve nerves
i 10-15mA
stimulus 20 Hz
2-10V 0-5°C 0.177 - 0.254 ] 200 - 450 mV
parameter 5 pulse-width
Jicm
Implantable Yes Yes Yes Yes Yes
Animal model Mice Rat Aplysia Rat Rat
. ) ) Wire/fiber- ) )
Connection Wire-based Wire-based Wire-based Wireless

based




Supplementary Table 3. Parameters of the materials

Raw PZT-5H ceramic

Fabricated PZT

Parameters (PZT DL-53, Del-piezo Specialties, 1-3 Composite (This Work)
LLC, USA)
ds3 (pC/N) 730 670
ki 0.49 0.63
€33 /o (under 1 KHz) 3350 1909
g3s (VM/N x 10-3) 25.6 41
p (g/cm3) 7.6 4.75
PZT Volume fraction 100% 56.2%

dss: Piezoelectrical coefficient.

ki: Electromechanical coupling coefficient.
£33' /eo: Dielectric Constant.

gs3: Piezoelectric voltage coefficient.

p: Density.




Supplementary Table 4. Acoustic pressure, intensity, and Ml under different input voltage
of the WUT

Input Voltage (Vpp) Acoustic pressure (MPa) M lspta (Mw.cm-2)
1 0.071 0.070 1.718
2 0.103 0.101 17.85
5 0.179 0.174 53.40
10 0.332 0.324 184.0
15 0.438 0.428 321.1
20 0.605 0.590 610.8
25 0.712 0.695 845.4
30 0.857 0.837 1226.7
35 0.961 0.938 1541.5
40 1.047 1.022 1828.4
50 1.275 1.245 2713.4

Mechanical Index (MI).
Wearable ultrasound transmitter (WUT).
Spatial-peak temporal average (Ispta)-



Supplementary Table 5. Applied machine leaning models’ comparison

Model name Error Training time .
) . o ) Accuracy (%) , Test time (s)
(number of iterations, mini batch size) counter (min or s)

ResNet18(10,256) 97.66 12 23s 1.2
ResNet18(20,256) 99.73 1 46s 1.2
ResNet18(30,256) 99.73 1 46s 1.15
ResNet18(10,128) 98.03 11 45s 1.18
ResNet18(20,128) 98.71 9 1min24s 1.13
ResNet18(30,128) 97.94 24 2min6s 1.23
ResNet18(10,64) 94.64 42 1min23s 6.67
ResNet18(20,64) 99.59 1 2min50s 1.18
ResNet18(30,64) 99.58 3 4min18s 1.13
ResNet50(10,256) 99.59 0 1minl6s 2.6
ResNet50(20,256) 100 0 2min23s 2.45
ResNet50(30,256) 100 0 3min36s 2.34
ResNet50(10,128) 96.58 46 2min7s 2.52
ResNet50(20,128) 100 0 4min3s 2.38
ResNet50(30,128) 99.72 4 6min25s 25
ResNet50(10,64) 80.88 121 4minlls 2.16
ResNet50(20,64) 99.33 4 8minls 2.49
ResNet50(30,64) 99.72 0 12min18s 2.43
ResNet101(10,256) 75.73 206 2min36s 8.61
ResNet101(20,256) 97.98 11 5min26s 4.46
ResNet101(30,256) 99.97 0 7min28s 4.48
ResNet101(10,128) 91.41 49 4min46s 9.37
ResNet101(20,128) 48.76 388 9min22s 8.55
ResNet101(30,128) 99.69 1 14min3s 9.07
ResNet101(10,64) 36.18 570 9Min38s 5.43
ResNet101(20,64) 3.64 1621 18min55s 6.85
ResNet101(30,64) 87.93 76 28min13s 7.88
DarkNet19(10,256) 12.72 1315 31s 1.46
DarkNet19(20,256) 49.27 290 47s 1.55
DarkNet19(30,256) 49.27 290 47s 141
DarkNet19(10,128) 3.06 2605 48s 1.57
DarkNet19(20,128) 2.38 1463 1min27s 1.47
DarkNet19(30,128) 53.62 291 2min5s 1.52
DarkNet19(10,64) 212 2692 1min36s 1.35
DarkNet19(20,64) 1.93 1997 3min 1.52
DarkNet19(30,64) 2.15 3087 4min23s 1.45
DarkNet53(10,256) 63.05 377 1min29s 2.84
DarkNet53(20,256) 3.08 1905 2min36s 3.16




DarkNet53(30,256)
DarkNet53(10,128)
DarkNet53(20,128)
DarkNet53(30,128)
DarkNet53(10,64)
DarkNet53(20,64)
DarkNet53(30,64)

87.84
11
43.82
47.98
53.84
16.43
55.49

91
3311
598
716
1596
2364
1511

3min52s
2min40s
5min10s
7min4ls
5min34s
11min7s
16min3s

2.98
2.68
2.7
2.68
2.65
2.65
2.78
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