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Transcranial focused ultrasound is a promising non-invasive method for
neuromodulation, particularly for neurodegenerative and psychiatric condi-
tions. However, its use in wearable systems has been limited due to bulky
devices and reliance on ultrasound gel, which dehydrates and lacks stable
adhesion for long-term use. Here, we present a miniaturized wearable ultra-
sound device, comparable in size to standard electrophysiological electrodes,
integrated with a bioadhesive hydrogel for stable, long-term somatosensory

cortical stimulation. Our air-cavity Fresnel lens based self-focusing acoustic
transducer was fabricated via a lithography-free microfabrication process,
achieving 30.7 W/cm? (1.92 MPa) acoustic intensity and 10 mm focal depth.
The hydrogel couplant exhibited less than 13% acoustic attenuation and
maintained a stable adhesion force of 0.961 N/cm for 35 days. Using this sys-
tem, we successfully suppressed somatosensory evoked potentials elicited by
functional electrical stimulation over 28 days, demonstrating the device’s
potential for long-term, wearable neuromodulation applications.

The increase in brain diseases amongst the general population has
motivated significant research in therapeutic treatment approaches.
With 1 million people in the US diagnosed with Parkinson’s disease
and a projected increase of 78% annually, the socioeconomic burden
on individuals, families, and the healthcare system is significant"?
Deep brain stimulation (DBS) has been clinically approved in treating
Parkinson’s disease®”’, essential tremor®™, epilepsy”™, dystonia” ™",
and obsessive-compulsive disorder**. Despite being a very effective
method, it requires invasive implanted electrodes with complica-
tions involving hematoma, lead fractures, and glial response ren-
dering electrodes ineffective”*>. Alternatively, non-invasive brain
stimulation devices provide a unique opportunity for treatments in a

multitude of psychiatric, mental, and neurodegenerative diseases in
a substantial number of patients as a non-invasive intervention.
Transcranial magnetic stimulation (TMS) are currently effective and
clinically approved treatment methods for mental health disorders
such as obsessive-compulsive disorders and depression®. It has also
shown promising improvements in sleep disorders, Parkinson’s®,
Alzheimer’'s®, and potentially several other neuropsychiatric
disorders*. However, TMS stimulates large brain areas due to its low
spatial resolution, making it difficult to achieve the most effective
treatment without causing adverse off-targeting effects”°. Since
TMS generally requires a 3-6 weeks treatment period and DBS
require continuous stimulation upon implantation, there is a strong
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need for non-invasive and high-spatial resolution neuromodulation
approach with long-term wearability®>~>"33,

Transcranial focused ultrasound (tFUS) provides an alternative
non-invasive strategy for highly precise targeting of subcortical and
DBS with high spatial-temporal resolution®. It has shown improve-
ment in neurological diseases such as tremor associated with Parkin-
son’s disease®*®, cognitive and memory impairments in Alzheimer’s
disease® ", epilepsy***, and chronic mental health disorders*. How-
ever, the current tFUS systems are typically bulky and are not in
wearable format for long-term neuromodulation. To develop an
effective wearable ultrasound neuromodulation system requires: (1)
miniaturized transducer with effective acoustic intensity and focality
for tFUS", (2) stable fixation to the skin during neuromodulation*’, and
(3) acoustic impedance match between the ultrasound transducer and
tissue*. Currently, the commercial ultrasound gel has been commonly
used as a medium to match the acoustic impedance during ultrasound
stimulation by eliminating air gaps in promoting the efficiency of
ultrasound transmission®’. Yet, its limitations of non-adhesive prop-
erties for ultrasound transducer fixation to the skin and dehydration
susceptibility prevents long-term use in continuous neuromodulation
treatment of brain disorders over several weeks*. Current approaches
in developing bioadhesive hydrogel for wearable ultrasound imaging
application has shown to be effective for ultrasound applications,
however, its efficacy diminishes drastically after 72 h°*%. Therefore, a
wearable ultrasound device integrated with an acoustically compatible
medium that provides robust device-to-skin adhesion for long-term
application is desired.

In this work, we developed a strategy to address the current lim-
itations of ultrasound devices to enable long-term cortical neuromo-
dulation. Specifically, we have developed self-focusing acoustic
transducers (SFAT) that leverages geometrical patterning of acoustic
lens in altering wave propagation to achieve acoustic focusing through
the use of air-cavity fresnel acoustic lens (ACFAL), allowing an increase
in acoustic intensity of the focal depth limit originally constrained by
the geometrical diameter of the transducer (Fig. 1a-c)*. In addition, we
have designed bioadhesive hydrogel, consisting of 2-acrylamido-2-
methyl-1-propanesulfonic acid (AMPS) and glycerol, to have high water
absorption and rehydration properties over a month and strong
adhesion to the skin (Fig. 1d). Through integration of bioadhesive
hydrogel to our SFAT transducer, our Miniaturized and Bioadhesive-
coupled Ultrasound Transducer (MiniUITra) weighs 8.5 grams and can
be easily attached to the target skin for an extended period, allowing
ease of use for long-term applications (Fig. 1e-h). We evaluated the
efficacy of MiniUlTra in its effectiveness in suppressing somatosensory
evoked potential elicited by median nerve stimulation via functional
electrical stimulation over 28 days, demonstrating MiniUITra’s efficacy
in long-term cortical neuromodulation as a wearable ultrasound
device.

Results

Development and characterization of miniaturized ultrasound
transducer

Acoustic frequencies used for ultrasound stimulation with ideal tran-
scranial transmission and brain absorption has been reported to be
less than 650 kHz***, where clinical demonstration of using ultrasound
stimulation at 210 kHz and 500 kHz frequency in humans has shown
effective suppression evoked potential and enhanced sensory
functions®*’. Here, we used 650 kHz based on previous observations
and studies demonstrating effective neuromodulation with improved
spatial focality under the constraint of a miniaturized single-element
transducer. Thus, we developed a custom miniaturized 650 kHz
ultrasound transducer (similar size to standard electroencephalo-
graphic (EEG) electrode leads, OD =18 mm) with microfabrication
techniques to create a self-focusing acoustic transducer (SFAT) using
ACFAL coupled with a highly adhesive and conformable bioadhesive

hydrogel for long-term applications. Characterization of acoustic
pressure fields emitted from our SFAT-ACFAL was done using a cali-
brated hydrophone (Fig. 2a) on a motorized 3-axis system submerged
in a degassed distilled water bath. Comparison of acoustic field dis-
tribution with and without the ACFAL formed by PDMS (Pristine PZT
vs. SFAT-ACFAL) showed less scattering and higher focusing on the
desired focal point in the transducer with ACFAL (Fig. 2b). Recording
of acoustic waveforms pulsed and transmitted was performed in free-
field and with a human skull, where measurements indicate a spatial
focality of 3.5mm axially and 8 mm laterally (Fig. 2c, d). The focal
depth was measured to be at 10 mm, at the expected and designed
specification. To determine the acoustic intensity and biosafety of the
devices for ultrasound neuromodulation, a calibration curve was per-
formed with our ultrasound system (Image Guided Therapy System)
used to drive the SFAT-ACFAL to evaluate the linearity of acoustic
intensity and pressure when driving amplitude was increased. The
measurements revealed a spatial-peak pulse-average intensity (Ispps) in
the free-field to be less than 30.7 W/cm? (1.92 MPa) (Fig. 2e). To
validate efficacious acoustic transmission of the device, initial peak
pressure of SFAT-ACFAL measured in free-field with and without the
human skull (-8 mm thick) resulted in a decrease from 1.37 MPa to
0.48 MPa corresponding to 64.8% decrease (3.81 dB, Supplementary
Fig. 1), which is higher than the attenuation reported in macaque
skull at frequency ranges 300-800 kHz (0.85-2.06 dB)*, but less
than that of in human skull (5.21-11.29 dB) with thickness at parietal
section (- 5.8 mm)*°. To compare, a study has demonstrated free-field
acoustic intensity of 23.9 W/cm? has shown to be effective when
transmitting through the human skull with a four-fold drop in
intensity to 5.9 W/cm*®. Contrarily, through the human skull, the
SFAT-ACFAL demonstrated an approximately six-fold drop in inten-
sity (30.2W/cm? to 3.92W/cm?) with an 8 mm thick skull in com-
parison to 5.8 mm. As such, all stimulation paradigms performed in
healthy volunteers using our device were performed at 23.1 W/cm?
(1.66 MPa), to necessitate sufficient acoustic intensity threshold in
suppression of sensory evoked potentials®. The effect of transcranial
skull transmission effectively attenuates the amplitude of the
acoustic pulse waveform (Fig. 2f) and increases the spatial resolution
resulting in a smaller focal spot. This is possibly due to the inho-
mogeneity of skull and tissue interfaced between the boundary
conditions resulting in time-reversible wave propagation, commonly
used for imaging®®. The shift in axial peak of the focal spot
(Fig. 2d) was due to the curvature of the human skull and its’ diffi-
culty in positioning between the hydrophone and device to prevent
collision.

To ensure thermal biosafety, the device during ultrasound sti-
mulation should not exceed an increase of 2°C®. We then char-
acterized the thermal biosafety of the device by performing the
stimulation paradigm used by Legon et al. *°. In comparison with
higher duty cycle and pulse duration through the human skull and
monitoring the temperature of the stimulation site using an infrared
camera (Fig. 2g and Supplementary Figs. 2 and 3). Results indicated
that with 10 min of continuous stimulation, the paradigm of 360 ps
ON and 640 pus OFF® had a thermal increase less than 2°C within
3 min. Similarly, when the duty cycle was increased to 50% (500 us
ON and 500 us OFF) there was no significant temperature increase
within 3 min. However, when the pulse duration increased to 100 ps
ON and 900 ps OFF, change in temperature was negligible within
10 min. As the trials perform in this study is within 2 min, thermal
safety was adhered to FDA guidelines (Fig. 2g). This demonstrates the
device’s safety regime for human applications. Electrical character-
ization of the device was performed using an impedance spectrum
analyzer to determine the impedance and phase response of SFAT-
ACFAL. The impedance was then used to determine harmonic fre-
quencies where the lowest impedance (- 174 Q) represents the center
frequency (- 653 kHz) of choice used in designing of SFAT-ACFAL and
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Fig. 1| Miniaturized and bioadhesive-coupled ultrasound transducer (Mini-
UlTra). a lllustration of MiniUITra that continuously adheres to the scalp targeting
the primary somatosensory cortex (S1) with high adhesion force, low acoustic
attenuation and miniaturized transducer. b Mechanism of suppression of P27-N20
complex in somatosensory evoked potential (SEP) through focused ultrasound
stimulation locally at the S1. ¢ Schematic of layered structure of MiniUlTra that
assembles the piezoelectric with PDMS-based ACFAL and bioadhesive hydrogel
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integrated into a compact 3D-printed housing. d Side-view of layered schematic
including chemical structure of bioadhesive hydrogel and its’ adhesion mechan-
isms. e, f Optical images of design and fabricated SFAT-ACFAL and bioadhesive
hydrogel. g Adhesion of MiniUlTra on skin. h Demonstration of MiniUlTra on the
scalp for Sl targeted neuromodulation. Created in BioRender. Tang, K. (2025)
https://BioRender.com/6fzf8qz.

also for impedance matching purposes® (Fig. 2h). Given the multiple
resonances in impedance spectrum is present, further optimization
is required. As a result, potential surface heating of the transducer
may induce further thermal biosafety concerns. Thus, additional
performance details of SFAT-ACFAL surface thermal profile were
measured from 5 points on the surface for 120 s (1 pulse/sec) without
commercial gel, with commercial gel, and with our bioadhesive
hydrogel (Supplementary Fig. 3). Results demonstrate an overall
increase of less than -7 °C across all conditions and no more than
43°C, where burn and necrosis in subcutaneous tissues begin to
occur under FDA guidelines beyond 43 °C®. Furthermore, the skin
and skull dissipate the heat as demonstrated through thermal heat-
ing measurement of MiniUlTra (Fig. 2g).

Development and characterization of bioadhesive hydrogel

To ensure long-term neuromodulation viability, the need for an acoustic
couplant to sustain stable acoustic properties over time is needed to be
integrated with the SFAT-ACFAL. Specifically, it should sustain hydra-
tion, effectively transmit ultrasound, adhere conformally to the skin
with a low modulus to minimize air gaps, and maintain high adhesion
force over time®*2, The bioadhesive hydrogel used in this study includes
two primary materials: (1) 2-acrylamido-2-methylpropane sulfonic acid
(AMPS) and (2) glycerol (Fig. 1d). PolyAMPS is an ionic polymer with a
hydrophilic sulfonic group resulting in it being inherently negatively
charged, which allows for strong ionic interaction with water
molecules®. Thus, it enables a high water absorption rate®=*, allow-
ing for a sustained hydrated state through the absorption of ambient
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Fig. 2 | Self-focusing acoustic transducer (SFAT) using air-cavity Fresnel lens
(ACFAL). a Schematic of experimental setup for characterization of SFAT-ACFAL.
b Comparison of acoustic field distribution and intensity with Pristine PZT (left) and
with PDMS-based ACFAL (right) in free-field water. ¢ Normalized radial acoustic
intensity profile in free-field and with the presence of a human skull at focal depth
10 mm. d Normalized uniaxial acoustic intensity profile in free-field and with the
presence of a human skull. e Acoustic pressure (MPa) and intensity (Ispps) calibra-
tion curve measured when SFAT-ACFAL at varying driving amplitude using

ultrasound generator system. f Measured waveform of ultrasound pulse using sti-
mulation paradigm of 360 us with and without human skull. g Thermal effect of
SFAT-AFAL on human skull measured with infrared camera on varying stimulation
parameters (mean t s.e.m., n =3, independent experiments). h Electrical impe-
dance and phase of SFAT-ACFAL. All data generated in this figure are provided in
the Source Data file. Created in BioRender. Tang, K. (2025) https://BioRender.com/
6fzf8qz.

moisture®®, In addition to its high water content and retention, Poly-
AMPS provides modulus similar to that of biological tissues®’, and is
suitable as a long-term substitute of commercially available ultrasound
gel that tends to dehydrate within hours. Furthermore, the addition of
glycerol containing hydroxyl groups, which forms hydrogen bonds with
water molecules, provides water retention capacity and enhanced
adhesion to the skin by offering a hydrating effect on the stratum
corneum®7%7,

We characterized the acoustic attenuation rate of our bioadhesive
hydrogel at different thickness in comparison to commercial gel. As a
result, we observe that the ultrasound power attenuation of the
bioadhesive hydrogel is comparable to that of commercial gel at
thicknesses of 0.5mm and 1mm (Fig. 3a). With ultrasound as a
mechanical acoustic wave, the mismatch in impedance when propa-
gated between mediums with varying acoustic impedances inevitably
leads to partial transmission and reflection at the boundary layers. By
minimizing the mismatch in impedance, reduction of reflected and

maximizing transmitted waves provides higher acoustic intensity
deposition to the target site. Therefore, the need for minimizing the
impedance mismatch between our device and the skin using our
bioadhesive hydrogel is necessary®. As acoustic speed in a material is
directly related to its elastic properties and density, the acoustic
impedance could be derived directly from the acoustic speed and
density’>”. We experimentally characterize and measure the acoustic
speed of our hydrogel. Firstly, with the acoustic speed of water being
1500 m/s and the distance between PZT and hydrophone positioned
20 mm apart in the water tank, the time required for an acoustic pulse
(time-of-flight, ToF) to travel from the transducer to the hydrogel
theoretically will be 13.3 ps in free-field. Upon measurement of ToF
with the hydrogel, comparison of to the free-field measurement allows
us to determine the time difference and the acoustic speed through
the hydrogel (Fig. 3b). With the measured density of the hydrogel
being 1166.7 kg/m?, the derived acoustic impedance of the hydrogel
yielded 2.13 + 0.11 MRayl and 2.17 + 0.13 MRayl, with estimated acoustic
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Fig. 3 | Bioadhesive hydrogel. a Comparison of ultrasound intensity decreases hydrogel and commercial gel under 22 °C/75% humidity (solid line) and 37 °C/85%
according to thickness changes in bioadhesive hydrogel and commercial gel humidity (dashed line) conditions (CG Commercial Gel, HG Bioadhesive hydrogel,
(Aquasonic 100, Parker), (n = 6, independent samples for each thickness). n=4, independent samples). h Chemical structure of the bioadhesive hydrogel

b Comparison of acoustic time-of-flight (ToF) for ultrasound transmission through  integrated ACFAL by grafting the bioadhesive hydrogel to benzophenone (BZP)
water, PET, and hydrogel. ¢ Acoustic impedance of the hydrogel for 7 days (n=4, treated PDMS. i Improvement of adhesion force with BZP-treated PDMS (n=4,

independent samples each day) compared to commercial gel, water, and human independent samples, Two-sided unpaired t-test). j Adhesion force of the bioad-
skin. d Peak-pressure attenuation of bioadhesive hydrogel under 22 °C/25% hesive hydrogel according to glycerol loading change (n =5, independent samples).
humidity (red line) and 37 °C/25% humidity (black line) over 35 days (n =4, inde- k Adhesion force of the 20-cycle attachment/detachment test of the bioadhesive
pendent samples). e Peak-pressure attenuation of bioadhesive hydrogel under hydrogel on skin (n =4, independent samples). All plots show mean + s.e.m unless
22°C/75% humidity (red line) and 37 °C/85% humidity (black line) over 35 days otherwise mentioned, *P < 0.05, **P< 0.01, and **P < 0.001. All data generated in

(n=4, independent samples). f Weight change of the bioadhesive hydrogel and this figure are provided in the Source Data file. Created in BioRender. Tang, K.
commercial gel under 22 °C/25% humidity (CG Commercial Gel, HG Bioadhesive (2025) https://BioRender.com/6fzf8qz.
hydrogel, n =4, independent samples). g Weight change of the bioadhesive

speed of 1816 + 76.36 m/s and 1864 +113.7 m/s on day O and day 7, MRayl) when evaluating acoustic transmission efficiency. Results show
respectively (Fig. 3¢ and Supplementary Fig. 4). Overall, the acoustic  an overall higher transmission and reduced reflection coefficient when
impedance of the bioadhesive hydrogel remained stable across 7 days, compared to commercial gels (Konix: 1.45 MRayl, Aquasonic 100: 1.60
with an average hydrogel impedance of 2.17 MRayl. Compared to the MRayl), water, and skin*®*'’%° (Supplementary Fig. 4). Therefore,
acoustic impedance of 1.99 MRayl for skin®, our bioadhesive hydrogel indicating minimum acoustic loss of our hydrogel in addition to its’
exhibits a much more similar impedance to human skin’*”’, indicating  long-term stability.

minimum acoustic loss of our hydrogel in addition to its’ long-term The water retention capacity of bioadhesive hydrogels as a func-
stability with minimal mismatch between the hydrogel and skin (1.99 tion of AMPS ratio for long-term neuromodulation applications was
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investigated. We prepared bioadhesive hydrogels with 24.4, 32.3, 38.9,
and 44.3w/w% of AMPS ratio, respectively. The swelling ratios
(weightiime submerged in water/Weightiniial) Of the hydrogels (with 24.4,
323, 38.9, and 44.3 w/w% AMPS ratio) after 3 h were 7690%, 5750%,
4860%, and 4450%, respectively, where the hydrogel with the lowest
AMPS ratio showing the highest swelling ratio due to the large pore
size of hydrogels with crosslink ratio resulting increased swelling ratio
(Supplementary Fig. 5A)%¥. To evaluate the dehydration and rehydra-
tion characteristics of the hydrogels as an effect of the AMPS amount
in the air condition, the hydrogels for each AMPS ratio were stored at
37 °C degrees at low humidity (RH 25%) for the first three days and at
high humidity (RH 85%) for the next three days, thus showing the
dehydration and rehydration characteristics of the hydrogels. During
the first three days at low humidity, the hydrogels exhibited dehy-
dration rates of 69.9%, 79.0%, 82.5%, and 83.3%, with the hydrogel
containing the lowest AMPS ratio dehydrated more. In the high
humidity phase from days 3 to 6, rehydration ratios for the hydrogels
were 156.6%, 151.4%, 150.5%, and 151.2%, indicating comparable water
retention across different AMPS ratios, though those with lower AMPS
ratios showed slightly higher rehydration. By day 6, the hydrogel with
24.4% AMPS had the lowest absolute weight, demonstrating higher
dehydration and less stability than those with higher AMPS ratios
(Supplementary Fig. 5B). The water retention ability of a hydrogel can
be evaluated by comparing the dehydration rate of the hydrogel over
time, and with a dehydration rate of 82.5% over 3 days, the water
retention ability of our bioadhesive hydrogel (with 38.9 w/w% of
AMPS) is comparable to other wearable hydrogel applications® .
Overall, hydrogels with AMPS ratios of 32.3 w/w% or higher exhibited
relatively lower dehydration and higher rehydration rates.

Further investigation of the long-term stability of the hydrogel in
acoustic attenuation was performed under low and high humidity
conditions at room and body temperatures. Low humidity of 25-30%
mimicked a typical indoor room environment and 75-85% reflects high
humidity outdoor conditions, which was emulated by a sealed
humidity controlled container storage where the hydrogel was stored
in a controlled temperature incubator®**, Here, our hydrogel had an
attenuation of up to ~9% and less than ~-5% when stored in humidity
conditions of ~25% and -85%, respectively over 35 days (Fig. 3d, e).
Additionally, weight change test was also performed for both our
hydrogel and a commercial gel stored in these two humidity condi-
tions (Supplementary Figs. 6 and 7). Under low humidity (- 25%), our
hydrogel exhibited a slow dehydration rate, retaining 79.6% of its
weight and remained stable post 7 days. Conversely, the weight of the
commercial gel decreased significantly with only 0.2% weight retention
on day 7 (Fig. 3f), indicating that it was completely dried. Under high
humidity (RH 75%), our hydrogel had a significant and consistent
increase in weight of approximately 121% after 35 days (Fig. 3g). The
only time the weight of the hydrogel in the high humidity condition
increased to 133% in week 2 was because the humidity in the incubator
increased from 85% to 95% at that time. It then stabilized again as the
humidity was maintained at 85% later.

To ensure long-term robustness in wearability, sufficient adhesion
between SFAT-ACFAL and the skin is necessary. Additionally, strong
adhesion between the hydrogel and the PDMS-based ACFAL is
required aside from the interface between hydrogel and the skin to
prevent detachment. The robust integration between ACFAL and
hydrogel was achieved by using the photografting agent for the
hydrogel. Treating PDMS with benzophenone (BZP), a type Il photo-
initiator, extracts hydrogen from the grafted surface of PDMS and
generates radicals allowing the PDMS and hydrogel to form a poly-
meric bond under UV irradiation® (Fig. 3h). As a result, the adhesion of
BZP-treated PDMS to the hydrogel was 2.09 N/cm, which was 13 times
higher than the adhesion of non-treated PDMS to the hydrogel
(0.1513 N/cm) (Fig. 3i). Optimization of our hydrogel’s adhesiveness to
the skin was achieved by tuning the loading of glycerol and was

determined via measurement of adhesion force through 90° T-Peel
test. As the glycerol loading increases, the adhesion force of the
hydrogel improves and plateaus when glycerol loading exceeds 10 wt%
(Fig. 3j). In this study, glycerol was loaded at 20 wt% to maintain high
water retention properties, allowing an adhesion force of ~0.941 N/cm,
comparable with other wearable hydrogel applications and sufficient
for attachment to the skin®*°. Skin adhesion cycling was performed
subsequently to determine the adhesive reusability, where adhesion
force remained stable over 20 cycles with a mean adhesion force of
0.961 N/cm (Fig. 3k). Modulus compliance of hydrogel with skin was
investigated, where the modulus of the hydrogel is ~31.4 kPa, similar to
that of skin tissues. As a result, the minimal mechanical mismatch
demonstrates suitability of skin-device interface for long-term use
(Supplementary Fig. 8)°°. These results further indicate that the
bioadhesive hydrogel could provide an alternative to long-term
ultrasound applications.

SFAT-ACFAL enables suppression of somatosensory evoked
potentials at S1 targeting

Studies in SEP by median nerve (MN) stimulation have been explored
and researched greatly. Well-defined characteristic morphology of EEG
signals of SEP are distinguished into waveform peaks assigned by their
polarity (positive P or negative N) and its corresponding post-stimulus
latency (in ms)”’. The changes in latency and amplitudes of these
waveform peaks are often interpreted as dynamical alterations in
neural activity as a result of combination from peripheral and central
nervous system to external stimulus. Specifically, early SEP peaks or
“short latency” SEPs occurring within 40 ms post-stimuli are of great
importance as they have the least variability in response to peripheral
external stimulation whereas long latency responses are susceptible to
cognitive factors and higher ordered complex neural processing of the
sensory pathways®. Thus, waveform peaks of N20, P27, N33, P50, N70,
P100, and N140 were examined. In brief, each of these peaks serve as a
biomarker with implications of tactile information processing. How-
ever, of most great interest corresponds to N20 (or commonly known
as P27-N20 complex) has been highly known for its relevance to the
sensory input of dorsal column-medial lemniscal pathway and acts as a
primary evoked response in response to peripheral stimuli to the lat-
eral portion hand area of somatosensory cortex extended posteriorly
over to supramarginal gyrus®.

Recently, tFUS stimulation at the somatosensory cortex has been
shown to suppress somatosensory evoked potential (SEP) via the eli-
citation of sensory stimuli. The suppression in SEP effectively resulted
in higher subjects’ ability to discriminate fine differences in two points
through sensory perception at the epidermis of distal phalanges™. To
demonstrate the efficacy of our SFAT-ACFAL, we applied our device in
targeting the left S1 through transmission of tFUS into the cortex at the
CP3 site (Fig. 4a). EEG electrodes using commercial Ag/AgCl was
applied at the scalp of electrode sites CP1, C3, P3, and CP5 in the 10-20
EEG configuration as a means to study the influence of tFUS short-to-
late onset evoked brain activity through understanding of changes in
peak-to-peak amplitudes of SEP complexes and spectral changes in
power elicited by the contralateral (right) MN stimulation with func-
tional electrical stimulation (FES) (Fig. 4b).

To determine the efficacy in SEP suppression of our miniaturized
transducer, we first applied commercially available ultrasound gel
coupled between the SFAT-ACFAL with the scalp at the 10-20 EEG
electrode site CP3. 650 kHz tFUS beams were pulsated to the target
region (n=35) with a pulse of 360 us ON and 640 pus OFF at a pulse
repetition frequency (PRF) of 1kHz for 500 ms. The stimulation para-
digm chosen has been demonstrated experimentally in humans to
suppress SEP* whilst ensuring minimal thermal heating effects with
our device due to the short pulse time (Fig. 2g). MN stimulation
occurred for 200 ps at 100 ms after the beginning of tFUS transmis-
sion. Sham and tFUS treatment conditions were performed identically
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Fig. 4 | Evaluation of neuromodulation in somatosensory evoked potential
using SFAT-ACFAL. a Schematic representation of experimental setup.

b Illustration of EEG electrode and SFAT-ACFAL placement in 10-20 EEG montage
with its corresponding targeting of left S1 with FUS at CP3. ¢ Grand average of
epochs where median nerve (MN) stimulation occurs at ¢ =0 ms and FUS or sham
begins at t=-100 ms (red line indicates SEP under FUS+, black line indicates SEP
under sham, highlighted blue indicates where significant difference was observed
P27-N20 complex in SEP). d Summary of effect of FUS compared to sham in P27-
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N20 and N33-P27 complexes of SEP. Suppression of early onset P27-N20 complex
observed across C3, P3, and CP5 in SEP by FUS (n =8 per group, Two-sided Wil-
coxon signed-rank test, 7 male and 1 female). All plots show mean + s.e.m unless
otherwise mentioned, *P < 0.05, **P< 0.01, and **P < 0.001, ***P< 0.0001 (Sup-
plementary Tables 1-4). All data generated in this figure are provided in the Sup-
plementary Information/Source Data file. Created in BioRender. Tang, K. (2025)
https://BioRender.com/6fzf8qz.

apart from the device being turned off in the sham group. Some sub-
jects reported auditory chirping noises initially at the beginning of
each trial produced by the device during stimulation. However, the
chirping noises quickly subsided within a few seconds reported by
subjects. Additionally, subjects did not report any discomfort, heating,
or abnormal sensations at the site of tFUS treatment between sham
and tFUS treatments.

With our device for tFUS treatment, we demonstrated a significant
decrease in short latency peaks (P27-N20 complex) across electrode
sites at C3 (sham, 0.425+ 0.175 uV s.e.m.; tFUS 0.119 + 0.082 pV s.e.m),
P3 (sham, 1.752+0.186 uV s.e.m.; tFUS 1.324 + 0.301uV s.e.m), CP1
(sham, 0.888 + 0.355uV s.e.m.; tFUS 0.355+0.191uV s.e.m), and CP5

(sham, 0.280 £ 0.103 pV s.e.m.; tFUS 0.128 £ 0.076 pV s.e.m) compared
to the sham. tFUS using SFAT-ACFAL did not produce any significant
changes in long-latency peaks (Fig. 4c, d and Supplementary
Tables 1-4) but late potential (>140 ms) showed general attenuation
across all electrodes in late-onset SEP complexes.

Spectral decomposition of EEG signals enables understanding of
spatial-temporal changes in dynamics regarding excitation and inhi-
bition of cortex in response to information processing’®. Therefore,
spectral analysis was performed on the grand averaged epochs of SEP
to evaluate the effects of tFUS using SFAT-ACFAL. By taking the dif-
ference between the spectral decomposition of FUS and sham, a sig-
nificant short latency decrease in alpha (7-12 Hz) and beta (13-30 Hz)
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band power of -6 dB was observed within 100 ms of MN stimuli.
Additionally, a short period of low gamma band (30-50 Hz) power
decrease was observed around 100 ms post MN stimuli (Supplemen-
tary Fig. 9).

Long-term wearability and neuromodulation of MiniUITra

The ability for our device to stimulate the S1 region long-term was
tested within the same experimental protocols that target the char-
acteristic pattern of SEP with MN stimuli. Particularly, SEP suppression
via tFUS tests were conducted in 3 sessions (Days 1, 7, and 28)

throughout 28 days (Fig. 5a) to investigate the efficacy of neuromo-
dulation using our MiniUlTra device (bioadhesive hydrogel incorpo-
rated) on healthy volunteers (n=38). The length of the experimental
protocol was chosen to investigate the extreme longitudinal condi-
tions of our MiniUITra device over a month period, where our bioad-
hesive hydrogel remains stable compared to commercial gel over
28 days (Fig. 5b). To ensure tFUS did not generate noise, artifacts, or
off-targeted evoked potentials, comparison of baseline (FUS-FES-)
and stimulation (FUS + FES-) indicated no difference suggesting our
device and FUS did not induce artifacts or off-targeted effects
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Fig. 5 | Long-term suppression of the P27-N20 complex in somatosensory
evoked-potential (SEP) using MiniUlTra. a Long-term experimental protocol for
evaluating efficacy of hydrogel. The hydrogel was fabricated a day before the first
session (DO). Three sessions per subject, each consisting of 10 trials of 3 min, each
trial consisting of 120 epochs (tFUS/Sham) on day 1 (D1), 7 (D7), and 28 (D28). Each
subject had their personal hydrogel with the device, which was stored in room
temperature and ~30% humidity. b Optical image of prepared hydrogel compared
to commercial ultrasound gel with the corresponding sessions. ¢ Grand average
epochs comparing effects of sham and FUS with median nerve (MN) stimulation on
SEP across days 1, 7, and 28 using hydrogel. MN stimulation occurs at ¢ =0 ms and
FUS or sham begins at ¢ = —100 ms (black solid line indicates SEP under FUS+ on day
1; black dashed line indicates SEP under Sham on day 1; red solid line indicates SEP

under FUS+ on day 28; red dashed line indicates SEP under Sham on day 28;
highlighted dark gray indicates where significant difference was observed P27-N20
complex in SEP; highlighted light gray indicates where observable differences in
long latency complexes). d Suppression of early onset P27-N20 complex observed
across C3, P3, CP1, and CP5 in SEP by FUS shown within each group. No significant
difference was observed across FUS groups in bioadhesive hydrogel (HG) when
compared to the FUS group using commercial gel (CG). Significant decrease in P27-
N20 complexes was observed when comparing within each day of the hydrogel.
(n =8 per group, Siddk multiple comparison One-way ANOVA, 8 male). All plots
show mean +s.e.m unless otherwise mentioned, *P< 0.05, **P<0.01, and

***P < 0.001 (Supplementary Table 5). All data generated in this figure are provided
in the Supplementary Information/Source Data file.

(Supplementary Fig.10). When MiniUlTra was used on day 1, significant
suppression of SEP was observed compared to the sham group across
all electrode channels. Furthermore, there was no significant differ-
ence between the treatment group when our bioadhesive hydrogel
was used compared to commercial gel, validating the acoustic char-
acteristics of the bioadhesive hydrogel in ultrasound transmission has
similar performance to commercially available ultrasound gel
(Fig. 5¢c, d). Additional sessions were performed on day 7 and day 28,
which also showed significant suppression against the sham condition
across all channels except for CP1 on day 7. We also observe a sig-
nificant decrease in the P27-N20 complex over time (Supplementary
Table 5). Overall, the SEP amplitude across the epoch was observed
with clear decreases in short (P27-N20 complex) and long latency
(>70 ms) biomarkers (Fig. 5c). However, long latency biomarkers are
more complex in its relation with median nerve stimuli due to its
association with indirect somatosensory pathways involving cognitive
and motor processes’™. Hence, the P27-N20 complex was focused due
to its prominent and well established association to contralateral sti-
muli at the S1 region’®”. Results indicated significant reduction in
amplitude at the corresponding P27-N20 complexes across all elec-
trode channels over 28 days (Fig. 5d), demonstrating robustness in
ultrasound neuromodulation over long time stimulation with our
MiniUlTra.

Discussion

We have demonstrated and developed a bioadhesive hydrogel coupled
and miniaturized wearable ultrasound transducer that offers long-term
brain neuromodulation capability without the need of handheld
operators and fixtures. The device utilizes an alternative simplified
microfabrication approach without the need of standard lithography
techniques for SFAT-ACFAL patterning to achieve higher focality,
acoustic intensity, and miniaturization. Additionally, our development
of a hydrogel provides mechanical compliance, bioadhesion and stable
acoustic coupling between our device and skin interface. For the first
time, our hydrogel has shown acoustic and adhesive stability for more
than a month compared to current state-of-the-art bioadhesive
hydrogel’s stability of 72 h. By integrating the two components, our
device MiniUlTra can be used to perform noninvasive focused ultra-
sound stimulation delivered into the cortical region over 28 days with
robust performance and clinical applications. Biosafety of the device
was demonstrated to achieve spatial pulsed averaged intensity and
acoustic pressure within the safety limits suggested by FDA guidelines
and literature. Thus, our system provides a promising platform for non-
invasive long-term wearable ultrasound applications.

Targeting via neuro-navigation and other modalities can be diffi-
cult due to the variances in anatomical dimensions and structures
across subjects. Furthermore, the cranial thickness variation can be
even more crucial when considering tFUS. In the present study, we
delivered tFUS beams to the S1 using 10-20 EEG montage for naviga-
tion as our approach for targeting. The projection of the measured
acoustic field beam alongside our targeting method was consistent
with the physiological response of tFUS in suppression of SEP

specifically for the P27-N20 complex. The validity of tFUS targeting via
SEP amplitude change has been demonstrated whereby off-targeting
of the S1 Brodmann areas 3B/1 of 1cm posterior and anterior resulted
in diminished effects of SEP suppression of tFUS elicited by MN
stimulation®®. It should be noted that MiniUlTra’s focal resolution of
10 mm in depth and -8 mm width covers a large section of the S1
provided within 1 cm of off-targeting.

To evaluate whether if FUS was successful in suppressing SEP, it is
important to determine whether FUS alone (FUS+/FES-) would gen-
erate any evoked potentials, where it has been in other works that FUS
elicited auditory and visual evoked potentials at the auditory and visual
cortex, respectively’”?%, As such, FUS alone was compared to baseline
epochs (FUS+/FES- vs. FUS-/FES-) and but not elicitation of FUS
evoked-potentials was observed (Supplementary Fig. 10). However,
slight changes in amplitude were observed in P3 and C3 channels,
which may align with results previously demonstrating FUS-evoked
potential in somatosensory evoked potential®®. Whilst results are
unclear given the difference in stimulatory paradigms, further works
on evaluation of the elicitation of FUS-evoked potential using Mini-
UlTra can be investigated to provide greater validation on the target-
ing methods.

All tFUS stimulation parameters used on the S1 cortex located at
CP3 through 10-20 montage localization were maintained in brief
exposures (3 min per trial, 120 pulses per trial, 360 us ON 640 us OFF,
0.5 ms pulse duration, 1 Hz PRF), with total duty cycle of each trial at
36%. This led to negligible measured temperature increase (< 0.2 °C) at
the base of a human skull where the S1 cortex is expected (Supple-
mentary Figs. 2 and 3). Additionally, the mechanical index (MI) mea-
sured in-vitro at the targeted brain area (f=10 mm) through the human
skull was less than 0.125, lower than the FDA guideline (<1.9). The low
MI suggests unlikely brain tissue cavitation for neuromodulation'*'',

In this work, the acoustic characterization of SFAT-ACFAL used in
MiniUlTra were performed with a fragment of the parietal section of a
human skull. Whilst tFUS offers high spatial resolution compared to
other non-invasive techniques, the presence of other factors involving
standing waves, diffraction and resonance due to the enclosed struc-
ture of a realistic human skull was not taken into consideration®. In
particular, the inhomogeneity structure of the skull both geometrically
and composition can result in off-targeting and unintended beam
structures when targeting the Sl region resulting in ineffective or
unintended stimulatory effects. Thus, why we performed axial and
radial acoustic field characterization of our device with the human
skull and resulted in a broader full-width half maximum and shifted
focal depth (Fig. 2c, d). Ideally, conducting volumetric pressure map-
ping from the base of human skull like that of Fig. 2b would provide
greater insight on the effects of acoustic transmission. However, due
to the geometrical curvature of the skull and the need to prevent
collision of the hydrophone with the skull, we opted to perform 1-D
measurement for in-vitro characterization.

Caution should be taken when considering the efficacy of Mini-
UlITra’s wearability in the general population. Our major constraint was
due to the difficulty in high volume hairstyles, which made it difficult to
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identify and access the scalp for CP3 when placing the MiniUlTra.
Regardless of how adhesive our hydrogel may be, unlike conductive
EEG gel used for recording, complete unimpeded contact between the
device and the scalp is crucial to necessitate effective acoustic trans-
mission. The presence of any hair fiber will introduce greater acoustic
impedance and diffraction of waves resulting in ineffective tFUS. As
such, subjects recruited were primarily with low hair volume. Here, we
carefully brush aside the hair to ensure good contact with the scalp at
CP3 with our device. Through this, we were able to obtain successful
SEP suppression consistent with other works in using tFUS for evoked
potential suppression.

A potential confounding factor to the above experiments was the
lack of randomization of tFUS and sham ultrasound conditions across
subjects. Specifically, all subjects received the same combination of
stimuli groups (FUS-FES-, FUS-FES+, FUS+FES—, FUS+FES+) without
knowing the specific sequence or order as a form of single-blinded
approach to help mitigate placebo and bias. However, the thermal
heating and mechanical vibration of the transducer may potentially
remove the single-blinded nature of FUS conditions by subjects
(Supplementary Fig. 3). As such, post-ad hoc analysis of questionnaire
given to subjects indicated self-report of 5 out of 8 subjects were
unaware when they were receiving FUS— or FUS+ conditions (Supple-
mentary Fig. 11) despite reporting that they were able to perceive tin-
gling sensations during these trials.

Regarding the number of electrode channels for recording SEP,
source localization using high-density EEG recordings and analysis
offers high spatial-temporal resolution, enabling observation of
detailed effects of SEP based on tFUS targeting'®>"'%. However, many
prior studies assessing tFUS effects on visual evoked potentials
(VEP)*®**° and sensory evoked potentials (SEP)**'°° employed 2-4 EEG
electrodes positioned in corresponding cortical regions using the
10-20 electrode montage. In these studies, electrode placement and
tFUS targeting were determined by the international 10-20 EEG sys-
tem, and placement accuracy was validated through VEP and SEP
spikes observed in EEG recordings. For example, the comparison
between sham (FUS-FES+) and stimulation (FUS+FES+) conditions
confirms successful SEP elicitation via contralateral median nerve sti-
mulation (Supplementary Fig. 10). Additionally, comparing baseline
(FUS-FES-) to tFUS (FUS+FES-) reveals no unintended effects or
evoked potentials due to ultrasound stimulation. Together, these
results confirm effective EEG electrode placement around the pre- and
post-central gyrus of S1, with strong SEP signals, and successful tar-
geting and suppression of SEP using MiniUlTra. Further works in the
future using high density EEG recordings with source localization in
conjunction with MiniUITra would provide insight on its’ potential
towards changes in cognitive and mood disorders'” ', pain
management™ ', or rehabilitative motor functions"*'>,

In conclusion, wearable ultrasound stimulation devices hold sig-
nificant promise for the long-term treatment of chronic diseases like
Parkinson’s disease, essential tremor, epilepsy, and depression (Sup-
plementary Fig. 12). These devices offer non-invasive, spatiotemporal
targeted modulation of neural activity, potentially improving disease
symptoms without the drawbacks of medications or surgery. Their
non-invasive nature and wearability also suggest the potential for
home-based therapy, although continued research is essential to
optimize treatment protocols and ensure long-term safety and efficacy
across diverse patient populations. As such, future study would be
beneficial in evaluating the long-term applications of MiniUlTra in
neuromodulation.

Methods

Ethics statement

This study involving human participants was conducted in accordance
with the ethical principles outlined in the Declaration of Helsinki.
Approval for the research was obtained from the Institutional Review

Board (IRB) at The University of Texas at Austin (UT Austin) under the
study (STUDY00003279), ensuring compliance with ethical guidelines
and regulations. Informed consent was obtained from all participants
prior to their involvement in the study. Confidentiality and data pro-
tection measures were strictly followed to safeguard participant
privacy.

Fabrication of SFAT-ACFAL

Geometric shape and radius of the ACFAL was determined first by
selection of 10 mm focal depth according to the equations governed
by Fresnel lens"®, which was then implemented into finite element
analysis software for simulation (COMSOL Multiphysics 6.0, COMSOL
Inc.) to determine acoustic field distribution (Supplementary Fig. 13
and Tables 6 and 7). Optimization of PDMS and air-cavity thickness was
performed with reference to feasibility of microfabrication (Supple-
mentary Fig. 13).

Mold glass substrates were initially patterned by first laminating
36 um thick copper tape (1125, 3 M) onto adhesive interlayer (Ultra
582U, TransferRite), which was then laminated onto an adhesive
backing layer (GXF341, DigiClear Plus). The laminated copper tape was
then negatively patterned using laser etching (LPKF, U4 Laser) and
transferred printed onto the glass substrate (Supplementary Fig. 14i).

Patterned mold glass substrates were cleaned and prepared by
first submerging into a beaker filled with acetone and sonicated to
remove particulates for 5 min. Substrates were then removed, rinsed
with distilled water and submerged in methanol for 5 min of sonica-
tion. The substrates were then rinsed with distilled water before blow
dried with purified nitrogen gas. Substrate was spin-coated with a
sacrificial layer (Omnicoat, Kayaku Advanced Materials) for 30s at
1000 RPM and 3 min of planarization before soft-baking at 200 °C on a
hotplate. The parameters were determined empirically through pat-
terning and measurement of thickness using profilometer (Supple-
mentary Fig. 15) Subsequently, substrates were then spin-coated with
5ml of PDMS (Sylgard 184); prepared by mixing 1:10 of curing agent
with base elastomer and desiccated for 1h at 500 RPM to achieve
~200 um thickness and cured on a hotplate at 90 °C for 35 min. Sub-
strates were then placed in acetone filled beakers and sonicated for
5min each to release the patterned PDMS mold (Supplementary
Fig. 14ii). Using tweezers, the patterned PDMS layer was carefully
removed and placed onto a temporary glass substrate, which was then
trimmed with medical scalpel. PZT (DL-47, Del Piezo) was cleaned by
first submerging into a beaker filled with acetone and sonicated to
remove particulates for 5 min. Substrates were then removed, rinsed
with distilled water and submerged in methanol for 5 min of sonica-
tion. The substrates were then rinsed with distilled water before blow
dried with purified nitrogen gas. Two milliliters of prepared PDMS was
spin-coated onto the surface of PZT at 2000 RPM for 30 s to achieve a
thickness of 40um; cured at 90°C for 30 min (Supplementary
Fig. 14iii).

Next, the released patterned PDMS layer and coated-PDMS PZT
was treated with Reactive lon Etching (RIE) O, plasma treatment for
255 (30 W @ 30% 0,, 30 SCCM) to remove organic hydrocarbons on
the surface and create silanol (SiOH) functional groups, effectively
increasing the wettability and rendering surface more hydrophilic™’.
The patterned PDMS layer was then reversely bonded onto the coated-
PDMS PZT by attachment and applying 1 kg weight simultaneously on a
120 °C hotplate for 5 min (Supplementary Fig. 14iv).

Acoustic field mapping of SFAT-ACFAL

Mapping. The SFAT-ACFAL device was mounted on a submersible
stand in a degassed distilled glass water tank. Acoustic intensity and
waveform were measured using a calibrated capsule hydrophone
(HGL-0200, Onda) mounted on a three-axis stage system, which was
connected to an oscilloscope (SDS 1204-XE, Siglent) via a signal pre-
amplifier (AG-2010, Onda) interfaced to a custom MATLAB program
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for automated 3D scanning and signal processing (Supplementary
Fig. 16). The device was controlled and actuated by a commercially
available ultrasound system (BBBoq, Image Guided Therapy Systems).
Acoustic field scans without human skulls were first performed at
500 um increments (0-40 mm from transducer in a 40 mm x 40 mm
grid workspace). Focal depth and spatial peak locations were obtained
from the acquired acoustic field scans axially and radially. Subse-
quently, the human skull (Skull Unlimited International Inc., 8-mm
thick human cortical bone, rehydrated for 24 h in phosphate buffer
solution) obtained was inserted in between the transducer and
hydrophone using the same scan procedures. Due to the curvature and
inhomogeneous geometry, acoustic field scans were performed at
500 um increments (-10-40 mm from the transducer in a 40 mm x
40 mm grid workspace) to avoid collision between transducer, skull,
and hydrophone.

tFUS waveform. Generation of tFUS profile from SFAT-ACFAL was
performed using a 40-W high-voltage biphasic ultrasound function
generator system (BBBoq, Image Guided Therapy System) controlled
and pulsed by an external Arduino trigger. Briefly, the function gen-
erator was set to deliver individual pulses at 360 us ON and 640 us OFF
with center frequency of 650kHz (Fig. 2e). The Arduino was then
programmed to trigger the function generator at a PRF of 1kHz and
pulse duration of 500 ms ON and 500 ms OFF.

Electrical characteristics. SFAT-ACFAL was connected to an impe-
dance spectrum analyzer (SP300, Biologic) using a two-electrode
connection configuration. Impedance of the device was measured
from O to 1 MHz to validate resonant frequencies. Fundamental har-
monics and phases were identified in addition to the desired
650 kHz (Fig. 2h).

Thermal heating. SFAT-ACFAL was placed facing upwards on a 3D-
printed mounted stand, where the superficial side of the human
skull was placed in contact with the transducer using ultrasound
coupling gel (Aquasonic 100, Parker). Three stimulation paradigms
with varying duty cycle and pulse duration were used (100 us ON/
900 pus OFF, 360 pus ON/640pus OFF, 500 us ON/500ps OFF) for
10 min to compare and observe the thermal heating effects from
tFUS (Fig. 2g). An infrared camera (One Edge, FLIR) was used to
record three points in a triangular configuration surrounding the
targeting area on the inferior side of the human skull (Supplemen-
tary Figs. 2 and 3).

Synthesis and integration of bioadhesive hydrogel to SFAT

Materials and fabrication of bioadhesive hydrogel. The preparation
of the bioadhesive hydrogel started with mixing the hydrogel solution.
First, AMPS (Sigma-Aldrich) was dissolved in deionized (DI) water at a
11 ratio using a vortex mixer for 30s. Subsequently, glycerol (Alfa
Aesar) with 20 wt% was added to the AMPS/DI water mixture using a
vortex mixer for 30s. N, N'-Methylenebis(acrylamide) (MBAA cross-
linker, Sigma-Aldrich) with ~-0.16 wt% was then added and mixed for
60 s. Irgacure 2959 (2-Hydroxy-4-(2-hydroxyethoxy)-2-methylpropio-
phenone 98%, Sigma-Aldrich) with -0.59 wt%, serving as the photo-
initiator, was mixed for 30 s. The solution was stirred additionally for
30 min. To improve adhesion force between PDMS and hydrogel, the
PDMS-based ACFAL integrated with SFAT was treated with benzo-
phenone (BZP) by first mixing 10% w/w BZP with acetone for 60 s via
vortexing followed by 60s of sonication to ensure complete incor-
poration of BZP in solvent. Subsequently, the solution was pipetted
onto the surface of PDMS and exposed to air for solution to evaporate
for 10 min. Upon complete evaporation, the PDMS surface was
washed gently with DI water three times to remove excess BZP crys-
talline solids formed and dried with O, air gun before depositing the
bioadhesive hydrogel for curing. Lastly, bioadhesive hydrogel was

integrated with SFAT-ACFAL by cross-linking the hydrogel solution
under UV light for 15 min (~4.21)).

Characterization of bioadhesive hydrogel

Adhesion strength of bioadhesive hydrogel with skin and PDMS.
The adhesion strength of the bioadhesive hydrogel was evaluated
modified ASTM F2255-05 and ASTM F2256-05 methods through
custom-developed and integrated testing machine (FBS, Torbal) with
90°-peeling off test. The samples were prepared with dimensions of
20 x 50 x 2 mm (width x length x thickness), and the backside of each
sample was affixed with Kapton film (7413D, 3 M) to prevent stretching
during peeling. To measure the adhesion between the skin and
bioadhesive hydrogel, the samples were gently attached onto a skin,
and then peeled off at a 90° angle from the skin at a speed of 68 mm/
min. To measure the adhesion between PDMS and bioadhesive
hydrogel, PDMS was initially deposited and cured on a glass substrate
mold (width: 50 mm, length: 76 mm). Then, a BZP treatment process
was conducted. Using a similar 90°-peeling off test, the substrate was
mounted and performed to compare adhesion force with and without
BZP-treatment between the hydrogel and PDMS (Fig. 3i).

Weight loss. To measure the dehydration characteristics of the
hydrogel, a weight loss test was conducted. A circular-shaped bioad-
hesive hydrogel and a commercial gel (Aquasonic 100, Parker) sample
were prepared (diameter: 19 mm, thickness: 1 mm). The weight of each
was measured over time both in a typical room environment (-41%,
~23°C) and inside a container with high humidity (-65%, ~23 °C) (Sup-
plementary Figs. 5-7). The weight loss of the samples (W) was calcu-
lated using the equation W, (%) = (W-W;)/W; x100, where W; and W,
denote, respectively, the initial weight of the sample and the weight of
the sample at different times.

Acoustic attenuation of hydrogel. To prevent the bioadhesive
hydrogel and commercial gel from swelling and dissipating in the
water during ultrasound measurement, a thin Ecoflex cap was fabri-
cated with a mold to wrap around hydrogel/gel (Supplementary
Fig. 17). The internal thickness of the Ecoflex cap was adjustable to
control the thickness of bioadhesive hydrogel or commercial gel
(0.5-2.5 mm thick). The Ecoflex cap was then filled with the hydrogel
or commercial gel and attached to a pristine PZT (DL-47, Del Piezo) and
mounted on a submersible stand in a degassed distilled water tank.
Acoustic intensity and waveforms were measured using a calibrated
capsule hydrophone (HGL-0200, Onda) mounted a three-axis stage
system at a fixed distance of 10 mm from the PZT uniaxially in the
water tank.

Acoustic impedance and speed of hydrogel. Acoustic properties of
the bioadhesive hydrogel were characterized by measuring and esti-
mating the acoustic time-of-flight difference of ultrasound transmis-
sion through water, PET, and hydrogel between transducer and
hydrophone. A single cycle sine wave pulse was generated using a
3-level beamformer transmitter circuit (TX7316, Texas Instrument)
with a supplied driving voltage of + 20 V. To measure the acoustic time-
of-flight of the hydrogel, a 3-mm thick hydrogel was prepared with a
mold consisting of PET film and Ecoflex frame (Supplementary
Figs. 18 and 19) and measurements were performed over a period of
7 days. The purpose of the Ecoflex frame was to maintain the thickness
of the hydrogel and to prevent the penetration of the water into the
hydrogel when measuring in the water tank. Between measurements,
the Ecoflex frame was removed temporarily, and the hydrogel samples
were stored in a room environment (humidity: ~30%, temperature:
~23 °C). Then, when measurements were taken again, the Ecoflex frame
was placed around the hydrogel again to prevent water from entering
the hydrogel. The acoustic time-of-flight was measured by placing the
hydrogel samples between transducer and hydrophone in a water
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tank. The acoustic speed of the hydrogel was estimated by following
equations®*

c _ Thydrogel
hydrogel Thydrogel * 2Tper 2Ty
CpET

@

- AtPET + AtPl—ZTJrHydrogeI

Cwater

Where Tyyydrogel is the thickness of the bioadhesive hydrogel, Tper is the
thickness of the PET film, Cwacer is the speed of sound in water (1500 m/
s), cpet iS the speed of sound in PET film (polyethylene, high density:
2430 m/s"®), ATper is ToF difference between with and without PET
film, ATpersnydroger iS TOF difference between with and without
hydrogel samples.

ZHydrogel = PHydrogel * CHydrogel 2)

Where Zyyydrogel is the acoustic impedance of the bioadhesive hydrogel,
Prydrogel i the density of the hydrogel, Chydroge is the speed of sound of
the hydrogel.

Long-term acoustic stability. To assess the long-term acoustic stabi-
lity of the bioadhesive hydrogel, the ultrasound intensity of the
bioadhesive hydrogel integrated SFAT was measured over time. The
number of circular-shaped hydrogels were prepared and stored in a
container with high humidity (-65%, ~23 °C). At specific time intervals,
each bioadhesive hydrogels were taken out of the container and
attached to a bare PZT transducer. All measurements were conducted
under the deionized water. To prevent rapid swelling of the AMPS-
based bioadhesive hydrogel upon contact with water, bioadhesive on
the bare PZT transducer was covered with a thin Ecoflex cap (thickness:
0.5mm). Then, the attenuation of ultrasound intensity due to the
bioadhesive hydrogel over time was measured using a custom setup
3-axis hydrophone acoustic scanning system.

Device integration of MiniUlTra

Fabricated SFAT-ACFAL was connected via low temperature solder
(NP510-LT HRLI, Kester) to a BNC cable and housed in a custom-
designed 3D printed casing (PLA Galaxy, Prusa), which was lined with
copper shielding (1181, 3 M) and grounded to the BNC shielding layer
for electromagnetic shielding purposes. To integrate SFAT-ACFAL with
the bioadhesive hydrogel, the hydrogel solution was then poured to a
thickness of 1 mm. Subsequently, the bioadhesive hydrogel on the
SFAT-ACFAL was cross-linked under UV light for 15 min. Finally, the
integrated device was completed by removing the mold (Supple-
mentary Fig. 14v).

Long-term stability of MiniUlTra. Fabricated MiniUITra was covered
with Ecoflex cap (Supplementary Fig. 17) and cured to seal and protect
the bioadhesive hydrogel grafted on the transducer from swelling. The
device was then submerged into a degassed distilled water tank
(Supplementary Fig. 17) and free-field (without human skull) mea-
surement were performed across 28 days (Days 1, 3, 5, 7, 14, and 28) to
demonstrate beam-focusing and focal depth stability of MiniUlTra
(Supplementary Fig. 20).

Characterization of tFUS on sensory-evoked potentials in S1
using SFAT-ACFAL

Participants. All procedures were designed in accordance with the
Declaration of Helsinki and relevant ethical regulations regarding
human research. The IRB at University of Texas at Austin approved all
experimental procedures under the study (STUDY00003279).
Eight healthy volunteers (7 male, 1 female, aged 24-38 with a mean age
of 29.1+4.1 years) provided written informed consent to participate
in the study and were recruited from around the university area in
Austin, Texas. Volunteers were screened for contraindications and

neurological impairment and all subjects were right-hand dominant
(Supplementary Table 8).

Experimental setup. Participants were positioned and seated in an
adjustable height chair, where their right forearm is fully extended
and supported in supination. Four 10-20 EEG electrode sites (C3,
CP1, P3, CP5) were connected for recording somatosensory evoked
potentials. During testing, subjects were initially stimulated by FES
with varying currents (8-25mA, 200 ps) to obtain the minimum
threshold necessary to elicit muscle contraction of the right con-
tralateral side. The SFAT-ACFAL was applied topically to CP3 manu-
ally with administration of ultrasound gel (Aquasonic 100, Parker) as
interface to the scalp, which was then held in place using medical
tape. Additionally, three electrical stimulation electrodes (2” Round,
Reserv) were placed on the right contralateral arm (ground electrode
on elbow, bipolar electrodes axially paired on the wrist via palpation
of median nerve). The electrodes were connected to a functional
electrical stimulation (FES) system (RehaMove3, Hasomed) for
median nerve stimulation (MN), which was controlled externally by
custom Python software.

tFUS treatment condition stimulation occurring 100 ms before
MN stimuli (360 us ON and 640 ps OFF, PRF 1kHz, Pulse Duration
500 ms ON 500 ms OFF) was controlled by programming of micro-
controller (Uno, Arduino), which was connected to trigger the ultra-
sound generator (BBBoq, Image Guided Therapy System), FES system
(MN stimuli), and EEG amplifier for time-locked epoch events during
somatosensory evoked potentials (SEP) (Supplementary Fig. 21). Cus-
tom Python code was developed to integrate all systems together in
addition to use of LabStreamingLayer to stream and log EEG data into
dataframe with external data including trigger and metadata. Subjects
were then subjected to three blocks of trials, where each block con-
sisted of four trials (FUS—/FES—, FUS—/FES+, FUS+/FES—, FUS+/FES+)
and each trial lasted 3 min. Within each trial, 30 s of baseline recording
occurs before 120 s of sham/FUS followed by 30 s of rest recording to
ensure sufficient buffered data for post-recording cleaning. Total
recording session time was approximately 1h.

EEG placement and artifact mitigation. Subjects recruited were
invited to a dedicated EEG recording room with minimal electronics
for minimizing electromagnetic interferences. Tape ruler was used to
measure the distance between nasion-to-inion and left-right pre-
auricular points to determine electrode positioning according to the
10-20 system for EEG recording. Marker was used to indicate the
position of C3, CP1, P3, CP5 for EEG and CP3 for tFUS targeting
(Fig. 4b). Subsequently, rubbing alcohol was applied carefully at the
sites before conductive hydrogel electrodes (H124SG, Kendall) were
applied carefully to the scalp to ensure minimal obstruction of hair.
Impedance per electrode was measured using commercial amplifier
(eego MyLab, AntNeuro) to ensure it is less than 10 kQ. EEG data were
digitized at 512 Hz and stored for offline analysis. To ensure artifacts
from electromagnetic interference generated by piezoelectric in
MiniUITra, common grounding connecting the microcontroller, EEG
amplifier, and ultrasound generator was performed. Furthermore, the
copper shielding on MiniUITra was also connected to the same ground
to ensure complete grounding of the device and mitigating leakage
current path through the body (Supplementary Fig. 22).

Statistical analysis of somatosensory evoked potentials. Digitized
EEG data were analyzed offline by first filtering using a third-order
Butterworth bandpass filter (2-90Hz) followed by a first-order
Butterworth bandstop filter (59-61Hz) to remove DC offsets, mains
interference, and high frequency noises"’"'?% A total of 120 epochs
per trial recorded was then extracted using custom MATLAB code
using triggered signals as markers. Briefly, data were epoched
around median nerve stimulus trigger, 200 ms prior up to 500 ms
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after the trigger was extracted as a single epoch for analysis. Sub-
sequently, the data was baseline corrected by subtracting the mean
values from=-200 ms to O ms. For each epoch, inspection of arti-
facts using rejection criteria of absolute peak-to-peak amplitude
threshold greater than 75uV will be removed. Grand averaged
epochs across 8 subjects were obtained to determine the effects of
sham and FUS in SEP using SFAT-ACFAL elicited by MN stimuli. EEG
biomarkers N20, P27, N33, P50, N70, P100, and N140 were extracted
by obtaining the mean amplitude + 2 ms the desired biomarker time
event due to the difficulty to reliably identify SEP peaks accurately
per trial. Statistical analyses were performed on mean peak-to-peak
amplitudes for the N20/P27, N33/P27, P50/N33, N70/P50, P100/N70,
N140/P100 and long potential (LP) components (Supplementary
Tables 1-4). These data were averaged across all trials and subjects
and presented as mean +s.e.m for different group conditions. Non-
parametric statistical test using Wilcoxon signed-rank test was
applied for SEP complexes to determine significance of treatment
conditions.

Time-frequency analysis of short-latency somatosensory evoked
potentials. Time frequency analysis was performed (MATLAB R2021a,
The MathWorks) to decompose effects and changes in frequency
spectrum due to S targeting using tFUS with SFAT-ACFAL as a func-
tion of time'”. Short-time Fourier transform was used with a window
size of 4.8 ms and 2.3 ms overlap through Hamming window approach.
Power of spectral data was then converted into power (dB). Compar-
ison between treatment groups was performed by comparing spectral
epochs to observe dynamic changes in power with respect to fre-
quency bands (Supplementary Fig. 9).

Long-term demonstration of tFUS neuromodulation of
MiniUlTra

Participants. All procedures were designed in accordance with the
Declaration of Helsinki and relevant ethical regulations regarding
human research. The IRB at University of Texas at Austin approved all
experimental procedures under the study (STUDY00003279). Eight
healthy volunteers (8 male, aged 26-37 with a mean age of 30.5.2 + 3.9
years) provided written informed consent to participate in the study
and were recruited from around the university area in Austin, Texas.
Volunteers were screened for contraindications and neurological
impairment and all subjects were right-hand dominant (Supplemen-
tary Table 9).

Experimental setup. Subjects were invited to S1 targeted tFUS sti-
mulation using MiniUlTra (SFAT-ACFAL integrated with bioadhesive
hydrogel) for long-term study (Day 1, 7, and 28). For each session,
subjects were pre-screened for contraindications before beginning
the experiment. Four 10-20 EEG electrode sites (C3, CP1, P3, CP5)
were connected for recording somatosensory evoked potentials
(Fig. 4b) by marking positioning using 10-20 EEG headcap. Minimum
threshold for right contralateral hand movement due to MN stimu-
lation was performed to obtain the minimum threshold necessary to
elicit muscle contraction of the right contralateral side. The Mini-
UlTra was applied to CP3 and held in place independently by its
adhesive nature (Supplementary Fig. 23). For EEG recording stability,
additional medical tape was used to fix EEG electrodes and trans-
ducers to prevent motion artifacts. Three electrical stimulation
electrodes (2” Round, Reserv) were placed on the right contralateral
arm (one on wrist, one 1” distal from wrist electrode, and one on
elbow) for S1 targeting (Fig. 4a). The electrodes were connected to a
functional electrical stimulation (FES) system (RehaMove3,
Hasomed) for MN stimulation.

tFUS treatment and sham conditions performed identically where
subjects were subjected to five blocks of trial, where each block con-
sisted of four trials (FUS-/FES+; Sham, FUS+/FES+; Treatment, FUS

—-FES—; Negative Control, FUS+FES—; Positive Control) and each trial
lasted 3 min. Total recording session time was approximately 1 h.

Long-term effects and post ad-hoc analysis. Questionnaires were
provided to subjects to examine the comfortability, pain, sensitivity,
and sensation of FUS neuromodulation using MiniUlTra (Supplemen-
tary Fig. 11A). Furthermore, subjects were asked per session to identify
which trials they believe were the FUS+ trials to determine if sensations
reported were due to placebo (Supplementary Fig. 11C, D).

Statistical analysis of MiniUlTra’s long-term efficacy in somato-
sensory evoked potential suppression. A total of 120 epochs per trial
recorded was then extracted using custom MATLAB code using trig-
gered signals as markers. Grand averaged epochs across 8 subjects and
20 trials were obtained to determine the effects of sham and FUS in
SEP using MiniUlTra elicited by MN stimuli. EEG biomarkers N20 and
P27 were extracted by obtaining the mean amplitude +2ms the
desired biomarker time event due to the difficulty to reliably identify
SEP peaks accurately per trial. Statistical analyses were performed on
mean peak-to-peak amplitudes for the N20/P27 (Supplementary
Table 5). These data were averaged across all trials and subjects and
presented as mean + s.e.m for different group conditions. Sidak mul-
tiple comparison One-way ANOVA was applied for SEP complexes to
determine effects of sham (FUS-FES+) and stimulation (FUS+FES+)
groups across multiple sessions compared to the use of commercial

gel over long-term'.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Additional data supporting the study’s findings are included in the
article and its supplementary information and supplementary data.
Source data are provided and included. Source data are provided with
this paper.

Code availability

The codes used for this study are available on GitHub at https://github.
com/kevintang725/MiniUlTra-LSL (https://doi.org/10.5281/zenodo.152
58560).
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