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Continuous monitoring of physiological parameters associated with dynamic
biomechanics, such as intracranial pressure (ICP) and vital signs, is important
for clinical diagnosis of brain diseases and timely medical intervention. Cur-
rent skin-interfaced and implant technologies face challenges in terms of bulky
tethers and/or percutaneous wires with high infection risks. Here, we report
the wireless, battery-free, and lightweight devices for both wearable and fully
implantable applications. The devices incorporate an ultrathin piezoelectric
resonator with suspended lithium niobate thin film (LNTF, 3 um thick),
enabling the wireless tracking of mechanophysiological signals by detecting
variations in resonance frequency. We experimentally and computationally
establish the operational principles of the resonator sensor and assess the
device performance as wearables for dynamically monitoring artery pulse and
apnea events during respiration. Implantable wireless pressure sensors adap-
ted from this scheme allow for untethered, minimally invasive ICP sensing with
alow detection limit of 0.15 mmHg over a wide range up to 240 mmHg. In vivo
experiments performed on rat models validate the device capabilities of
accurately capturing clinically relevant ICP variations and elevated levels of ICP
under pathophysiological conditions of hydrocephalus, with excellent bio-
compatibility after long-term implantation periods. These findings create the
clinical significance of such battery-less and wireless devices for precise
characterization of dynamic biomechanics of living tissues.

Precise and continuous monitoring of physiological signals associated
with the dynamic biomechanics of patients provides essential infor-
mation for establishing clinical diagnostics with in-time treatment
protocols and assessing post-surgical recovery. Of particular interest is
the advanced bio-integrated system that can enable real-time mea-
surements of tissue biomechanical properties, and continuous track of
subtle but clinically meaningful variations under various pathophy-
siologic conditions. Associated embodiment includes the character-
ization of vital signs, such as internal organ pressure, respiration rate,

and arterial pulse, all of which are of key importance for patients with
cerebral pathologies, cardiovascular diseases, hypertension, and
compartment syndromes'”. The clinical standards for such purposes
typically demand percutaneous catheters for connecting electronic
components with external hardware that can induce other complica-
tions, including infection and hemorrhage®’. Although useful in many
scenarios, these approaches also require multiple connected wires and
rigid platforms with large-area metal electrodes, thus inevitably con-
straining patient mobility and limiting their applications within
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hospital settings®’. For example, 23-52% of clinical cases with tran-
scranial catheters have been reported to be infected with
meningitis'®". These and other limitations motivate the development
of miniaturized, flexible implants that operate wirelessly in battery-
free mode, to support conformal contact at biotic/abiotic interfaces
and to offer untethered and minimally invasive monitoring of variable
mechanophysiological parameters.

Due to the portable designs and mechanical compliance, emer-
ging classes of human-machine-integrated electronics for physiologi-
cal assessments can establish intimate, functional interfaces with
targeted soft tissue for characterizing the biomechanics through dif-
ferent sensing mechanisms, including piezoresistive, capacitive',
triboelectric**, and piezoelectric® methods. State-of-the-art technolo-
gies include silicon-nanomembrane (Si-NM) based piezoresistive sen-
sors, with merits of high strain gauge factor, compatibility with MEMS
processes, and self-degradation capability. Examples range from con-
formal sheets for high-precision myocardial infarction locating', to
three-dimensional strain gauges for vascular pressure sensing”, and to
fully implantable cavity sensors for ICP monitoring'®". Characteriza-
tion for wireless measurements of these systems relies on active
Bluetooth low energy (BLE) or near-field communication (NFC) that
typically involves rigid modules, which compromises the overall
mechanical compliance and requires reliable post-enclosures for long-
term bio-safety within implanted biological tissues®.

Alternative approaches based on inductor-capacitor (LC) circuits
enable the design of implantable devices with simple structure, bat-
tery-free, and passive interrogation schemes for wireless measure-
ments of artery pulse”, intracranial temperature®, and pressures??*
based on the resonance frequency shift. These LC resonator sensors
typically incorporate capacitor components with dielectric mem-
branes embedded by parallel electrodes, yielding capacitance change
for sensing applications with quality factor (Q) constrained within
3-90 that limits the measurement sensitivity and resolution* 2%,
Meanwhile, the trade-off between the sensitivity and the sensing range
in the pressure-responsive capacitors leads to limited applications
particularly at high pressure levels as reported®***?. Additionally,
ultrasound methods for tracking biomechanical parameters of bio-
tissue rely on handheld single-element piezoelectric transducer with
bulky and rigid structure or wearable phased array transducer with
complex wire connections*®?°. When applied in scenarios where bone
tissue is present along the propagation path of ultrasonic wave, such as
intracranial monitoring, ultrasound devices face the problem of sig-
nificant signal attenuation and scattering due to acoustic impedance
mismatch between bone and soft tissue’”’. In many cases, however,
these methods either support mechanical sensing that is tailored only
for a specific region of the body for a single-functionality use or require
complex external electronics for data processing. Therefore, persis-
tent challenges remain in the development of bio-electronic systems
with wireless measurement capabilities that can monitor multiple
types of dynamic mechanophysiological signals in a fully-implantable,
battery-free form.

In this article, we present a tether-free, ultraflexible, and light-
weight device for multifunctional monitoring of physiological para-
meters that supports wireless, continuous measurement of ICP,
breathing, and arterial pulse. The sensing component utilizes a trans-
ferred ultrathin crystalline LNTF (3 pm thick) with interdigital elec-
trode (IDE) on the surface as a piezoelectric resonator that can provide
a remarkably higher quality factor (Q -~ 300) than those of LC resona-
tors. Distinguished to ultrasound technology, such platforms enabled
by inductive coupling can support wireless and battery-less tracking of
time-dependent mechanophysiological signals in a fully implantable/
wearable form. Furthermore, compared to other techniques such as
piezoresistive sensors of strain gauges, our devices eliminate the need
of Bluetooth energy (BLE) and/or near-field communication (NFC) that
typically involves rigid electronic wireless modules. Dynamic

mechanophysiological signals at the interface between the device and
targeted bio-tissues can induce changes in the IDE period, leading to
variation in the frequency of the LNTF resonator that can be measured
by an external reader antenna. Simulations and comparative mea-
surements reveal that the suspended structural design of the LNTF
significantly enhances the electro-mechanical coupling efficiency of
the piezoelectric resonator, and thus the wireless communication
performance. Examples of wearable evaluations range from precisely
capturing pulse rate and pulse waveform change to real-time detecting
apnea events in respiration monitoring. Integration of the LNTF reso-
nator sensor with the air cavity can yield the fully implantable device
that enables continuous ICP monitoring with high sensitivity (detec-
tion limit of 0.15 mmHg) and minimal invasiveness. The utilization of
soft materials, ultrathin design, and miniaturized structure of the
wireless device provides the merits of stable operation after implan-
tation for long-term ICP monitoring (28 days). Extensive ex vivo and
in vivo assessments confirm the excellent biocompatibility of the
device as medical implants, with broad potential for use in clinical
medicine and at-home diagnostics.

Results
Materials, integration schemes, and structural design of LNTF-
resonator-based wireless device
The battery-free, resonator-based devices form the basis for implan-
table and wearable capabilities in wireless biomechanical monitoring of
physiological signals such as ICP, breathing, and arterial pulse (Fig. 1a),
in a continuous, real-time mode of operation. Figure 1b shows the
schematic illustration of the system, consisting of (1) an external reader
antenna for wireless measurement, (2) a coupling antenna for signal
transmission, connected to (3) the ultrathin, flexible bio-integrated
sensor that incorporates monocrystalline lithium niobate (LN) mem-
brane and IDE, as the high-frequency piezoelectric resonator for the
characterization of biomechanics. The wireless operation of the plat-
form involves the combination of the piezoelectric resonator for sen-
sing and the inductive coupling between the two antennas for signal
readout. For the piezoelectric resonator as illustrated in the inset of
Fig. 1b, the period length A of IDE determines its resonance frequency fo,
while the mechanical deformation at the biotic/abiotic interface can
yield the period length change (AMA), thereby resulting in a variation of
the resonance frequency (Af). Such an operational principle can allow
the miniaturized design of reader antenna (within 2 cm diameter) to
capture the continuous variation of resonance frequency of the
underlying resonator in response to applied strain, in a wireless, highly
sensitive way. The ultrathin structure and chipless design of the sensor
can yield conformal contact via lamination onto different biological
targets, thus providing capabilities for both implantable (e.g., brain) and
wearable (e.g., skin) measurements of biomechanics, as shown in Fig. 1c.
Figure 1d presents the multilayer materials stack of the implan-
table/wearable sensor platform, comprising key components of a
metal coil (Au, 500 nm thick) as the coupling antenna, an LNTF (3 pm
thick) as the resonator, and the interconnected IDE (Au, 200 nm thick),
all of which are embedded in polyimide (PI) layers. The fabrication
begins with the definition of ultrathin monocrystalline LNTFs on a
wafer substrate (lithium niobate on insulator, LNOI), each with
dimensions of 1 mm x 1.3 mm, followed by transfer printing the LNTF
onto flexible PI interlayers (Supplementary Figs. 1-2). A sequence of
assembly steps includes metal deposition, lithographic patterning, and
etching to create the IDE array (interval spacing of 15 pm) and the
antenna coil (outer diameter of ~1.1cm), respectively. Here, the top and
bottom PI layers serving as encapsulation and substrate can provide
stable mechanics that enable efficient delivery of mechanical coupling
towards the piezoelectric resonator. Detailed information on fabrica-
tion processes appears in the “Methods” section and Supplementary
Figs. 3-7. The fabricated device features an ultrathin thickness of
~10 pm and a lightweight of -3 mg, resulting in excellent mechanical
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Fig. 1| Working principle, materials, and design of ultrathin piezoelectric
resonator based wireless device. a Schematic illustration of multifunctional
physiological signal monitoring of ICP, breath, and artery pulse with the wireless
device. b Diagram showing the wireless operation mechanism of the device based
on the inductive coupling between reader antenna and coupling antenna (left) and
the electromechanical coupling of a piezoelectric LN resonator (right). Deforma-
tion induced change in the IDE period A alters the resonance frequency fo of the
piezoelectric resonator. c lllustration of the device implanted in the brain (left) for
implantable application and attached to the skin (right) for wearable application,
showcasing its wireless, battery-free, flexible, and chipless operation. d Exploded-
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view schematic showing the multilayer structure and materials of the wireless
resonator device. e Image of the fabricated ultrathin wireless device. fImages of the
wireless device conformally adhered to stretched skin (top) and compressed skin
(bottom), showing the excellent flexibility of the device. g Calculated electro-
mechanical coupling efficiency of LNTF resonator as a function of PI coating
thickness. Insets show the corresponding resonance mode. h Measured reflection
spectra of the LNTF resonator with 4 um thick PI coating and the suspended LNTF
resonator at varying reader antenna-device distance. i Measured resonance
amplitude of LNTF resonators as a function of communication distance.

compliance of the sensor device for intimate contact with soft and
curved bio-tissue surfaces under highly dynamic conditions (Fig. 1e, f).

Careful optimization of the materials structure and device design
of the piezoelectric resonator with high electromechanical coupling

efficiency, guided by computational modeling, can allow for wireless
measurements with enhanced signal strength and extended commu-
nication distance (Fig. 1g-i). Specifically, Fig. 1g shows the finite ele-
ment analysis (FEA) results of the effective electromechanical coupling
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coefficient kfﬂ of the LNTF resonator (3 pm thick) with IDE config-
uration defined in Supplementary Fig. 8, as a function of PI coating
layer thickness. Increasing the PI thickness shifts the oscillation dis-
placement to the PI layers with a resonance mode transition of the
multilayer structure from shear horizontal (SH) to Lamb Al mode
(Supplementary Fig. 9), thus yielding dramatically decreased kﬁff.
Benefitted from the significant piezoelectric effect of LN, the results
demonstrate that the kﬁff is up to 35 % for the resonator without any
coatings, with the resonance confined in the suspended LNTF struc-
ture by SHO mode. Such a kﬁff is comparable to those of the SH mode
LN resonators (24.8%-40%) fabricated on rigid substrates as previously
reported®>**, Figure 1h exhibits the experimental reflection spectra of
the resonator with 4-um-thick PI coating and the suspended resonator
without PI coating, respectively, at variable distances between the
reader antenna and the device (from 1 mm to 8 mm). As summarized in
Fig. 1i, the peak amplitudes of measured signals of the suspended LNTF
resonator, extracted from Fig. 1h, surpass that of the Pl-coated reso-
nator by orders of magnitude, thereby indicating enhanced quality of
signal transmission by higher electromechanical coupling effect,
which is consistent with the FEA results.

Operational principles of wireless, battery-free measurements
For dynamically sensing in a wireless, high-precision fashion, we fab-
ricated the suspended LNTF-based resonator with high electro-
mechanical coupling efficiency. To achieve the suspended structure of
LNTF, Fig. 2a displays scanning-electron-microscope (SEM) images of
the LNTF at an ultrathin thickness of 3 um, before and after transfer
printed on flexible PI substrates, respectively. Subsequent etching of
the PI layers within specific regions on dual sides of the LNTF can form
the suspended resonator, as illustrated in Fig. 2b and Supplementary
Fig. 10. Here, the width and pitch of the electrode fingers are designed
as 15 pm, yielding an IDE wavelength of 60 pum. Figure 2¢ shows the
optical images of suspended LNTF together with IDE arrays from both
front and back views, where the etched Pl window with an area of
0.55 mm x 1.1 mm exposes 18 electrode pairs.

For the experimental and theoretical analysis of the suspended-
LNTF-based resonator, the use of ringing-down method can collect
and record the oscillation signals following RF pulse excitation at dif-
ferent frequencies (Supplementary Note 1 and Supplementary Fig. 11).
The result in Fig. 2d plots the oscillation signal of the suspended-LNTF
resonator wirelessly excited near its resonance frequency. Exponential
fitting of the magnitude envelope by A(t)=Ao.e”" gives the decay time T
(1.6 ps) when the magnitude drops by a factor of e. Figure 2e shows the
spectra of the LNTF resonator, both calculated using FFT algorithm
and fitted by the Lorentz function, indicating an eigenfrequency fy at
58.163 MHz. For resonator-based sensors, a high quality factor Q is
essential for high sensitivity measurement. The Q value of the sus-
pended LNTF resonator in this study can be quantified as ~300 by
Q=mnfyr. Consistently, experimental measurements (Fig. 2f) of the
magnitude and phase of the scattering parameter S;; using a vector
network analyzer (VNA) yield a resonance frequency of 58.163 MHz, in
good agreement with that determined by the ringing-down method
and the simulation results (Supplementary Fig. 9). It is worth noting
that although the configuration of IDE in series with coil inductor of
our device can form an LC resonator, introducing an extra resonance
peak in the sensor system that well separated with the LNTF resonator
(Supplementary Note 2 and Supplementary Fig. 12), the use of the
piezoelectric LNTF resonator as the sensing component can provide
much better sensitivity and resolution due to the remarkably high
quality factor than that of the LC resonator (Q~8.9). In addition, Sy
measurements of the separate LNTF resonator and the LNTF resonator
connected in series with coil inductor in Supplementary Fig. 13 confirm
the negligible influence of the inductor on the quality factor of the
LNTF resonator. The results in Supplementary Fig. 14 evaluate the
wireless transmission between the reader antenna and the wireless

LNTF resonator at various relative positions that involve varying ver-
tical, lateral, and rotational alignments of the reader antenna. As
expected, the amplitude of the resonance peak decreases mono-
tonically as the misalignment increases, primarily due to the signal
attenuation during wireless communication. However, the measured
resonance frequency remains stable with Af fixed at zero in most cases
of measurements. Results of Supplementary Fig. 15 show the fre-
quency stability across measurement time at different conditions, with
the resonator placed at different distances to the reader antenna
(Supplementary Fig. 15a) and upon application on the forearm skin of
volunteer human subject (Supplementary Fig. 15b), respectively.

These findings establish the LNTF-based resonator platform for
time-dependent measurements of the frequency variation with stable
performance for dynamically characterizing variations of biomechanics,
such as ICP, cardiac pulse or breathing, by robust wireless power and
data transmission. Figure 2g displays the optical images of the LNTF-
based resonator mounted on artificial skins of a 2-mm thick poly(-
dimethylsiloxane) (PDMS) layer (elastic modulus £=500 kPa) under
different deformation conditions of stretching and bending, with
stretching elongation within 5% and bending radius of 2 cm, respec-
tively. Insets of Fig. 2g show the strain distribution within the device
obtained by FEA simulations, indicating maximum internal principal
strains of 0.29%, 0.85%, and 3.49% in the LNTF, the gold wire, and the Pl
layer. These values are well below the corresponding fracture strain of
LN (>0.35%), gold film (-6%), and Pl materials (-10%)*~, respectively.
Detailed results of FEA simulations under various physical conditions
appear in Supplementary Fig. 16, all of which indicate excellent flexibility
and mechanical robustness of the bio-integrated platforms.

In this context, Fig. 2h and Supplementary Fig. 17 present the
results of wireless strain measurements (experimental setup appears
in Supplementary Fig. 18) under periodic deformation of the artificial
skin (2 mm thick PDMS substrate) along the IDE direction, at different
strain intensities ranging from 0.03 to 4%. Specifically, the strain sen-
sing principle of the LNTF resonator relies on the frequency shift
induced by the IDE period change when the piezoelectric film is sub-
jected to deformation. Theoretically, Af and the eigenfrequency of the
resonator, fy, satisfy the following function, Af=-fy-¢/(1+¢), where ¢
stands for the strain of the LNTF along the IDE direction. Supple-
mentary Fig. 19 shows the simulation results of the strain within the
LNTF as a function of stretching strain (0-6%) applied onto the PDMS
substrate. Consistently, Fig. 2i plots the experimental Af as a function
of LNTF strain, revealing an intrinsic sensitivity of 56.9 Hzepe™ as the
slope of the results, which is consistent with the theoretical value (fo,
fundamental frequency of the resonator), as well as in agreement with
previously reported studies®. Meanwhile, investigation on the
resonant frequency change of the LNTF resonator and the entire
sensor system in response to separately applied strain on different
parts of the device (LNTF part and the coil inductor part) in Supple-
mentary Fig. 20 confirms the independence of the LNTF frequency on
the inductance change of the coil inductor under deformation. Addi-
tional characterization by periodic tensile cycles validates the cap-
ability of the wireless device for time-dependent measurements at
different period durations (Supplementary Fig. 21). In long-term cyclic
strain tests at various strain intensities (Supplementary Fig. 22 and
Fig. 2j), the continuous monitoring up to 5000 cycles remains stable
without any notable performance degradation and baseline drift. As a
consequence, these results indicate the feasibility of such LNTF-based
resonators for potential use in high-precision mechanophysiological
measurements, thus proving the stability and durability with a mini-
mum detectable strain of lower than 0.03%.

Wearable application in real-time monitoring mechan-
ophysiological signals of arterial pulse and respiration
A key advantage of our flexible device compared to sensors that
contain rigid electronic components is that it can form a conformal
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Fig. 2 | Performance characterization of the suspended LNTF based wireless
resonator device. a SEM images of the 3 um thick monocrystalline LNTF before
(left) and after (right) been transfer-printed from LNOI onto a PI substrate.
Representative images of five independent measurements are shown. b Schematic
illustration showing the cross-section structure of the suspended LNTF resonator
with the IDE wavelength A = 60 um. ¢ Optical images of the suspended LN film and
the IDE on LN surface in finally fabricated device. The etched Pl window exposes an
area of 0.55 x 1.1 mm? with 18 pairs of electrodes on the resonator center.

d Oscillation signal of the suspended LNTF resonator device wirelessly measured
using the ringing-down method. The inset shows a magnified view of the oscillation
signal. Solid black line indicates the exponential fitting by A(®)=Ao-¢*" with the
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constant Ag and the decay time t. e FFT-calculated and fitted resonance spectra of
the LNTF resonator. f Measured reflection coefficient of the wireless device.

g Photograph of the flexible device attached to a PDMS substrate under stretching
(left) and bending (right) deformation. The inset shows FEA simulation results of
the maximum principal strain distribution in the device. h Resonance frequency
shift of the wireless resonator sensor under PDMS substrate strain of different
magnitudes. i Linear relationship between the frequency shift of the wireless sensor
and the strain imposed on the LN film. j Frequency response of the wireless sensor
to long-term periodic stretching load at PDMS substrate strain of 2% over 1000
cycles.

contact interface with target biological tissues, as illustrated in Fig. 3a,
that serve as wearable wireless electronics for human subjects. As an
example, Fig. 3b presents the mechanism of pulse monitoring with the
wireless LNTF-based resonator sensor, where the arterial pulses gen-
erate dynamic, subtle strain of the related bio-tissues (i.e., blood ves-
sels, skin, etc.) and thus induce variation of resonance frequency that

can be measured in a wireless, battery-free manner. Figure 3c shows
representative examples of pulse waveforms from a human individual
measured by the LNTF-based resonator sensor (purple lines), well
resembling the simultaneously recorded signal by photo-
plethysmography (PPG) method (green lines, Pulse Sensor, Your Cee
Co. Ltd). For the PPG sensors, the measurement sites typically locate in
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Fig. 3 | Wearable application of the LNTF-resonator-based strain sensor in
wireless monitoring of physiological signals. a Photograph of the wireless strain
sensor adhering to the wrist skin seamlessly for radial artery pulse monitoring.

b Schematic showing the mechanism of pulse detection with the LNTF-resonator-
based sensor. ¢ Representative arterial pulse waveforms recorded by the wireless
sensor and the PPG method, showing the feature points of systolic peak (Ps), tidal
peak (Py), dicrotic notch (Np), and diastolic peak (Pp). d Continuous monitoring of
pulse waveform during rest and after exercise. Dashed lines indicate different time
points including (i) resting, (ii) directly after exercise, and (jii) 25 min post-exercise.
e Comparison of the pulse rate change over time, as recorded by the wireless strain

sensor and a commercial oximeter, showing consistent trends. f Enlarged pulse
waveforms at different stages with calculated diastolic augmentation index (DAI)
and time of diastolic augmentation (Tpa). g (top) Photograph of the wireless strain
sensor laminated on the chest for breath monitoring. (bottom) Schematic showing
the mechanism of respiration monitoring by detection of skin strain caused by the
changes in thoracic volume. h Detected respiratory signals during normal breath
(top) and deep (bottom) breath cycles. i Recorded respiration signal with apnea
events (top) and time-frequency analysis of the corresponding respiration signal
(bottom).

the microvascular system on the skin surface, such as the earlobe and
fingertip, because of the insufficient penetration depth of light into
tissue®’. The challenge lies in the accurate recording of pulse wave-
forms with detailed characteristics due to signal acquisition from the
capillaries rather than the arterial sites, with consideration of the sus-
ceptibility of PPG sensors to ambient light and skin curvature, as
reported in previous studies’“*. As a comparison, the waveforms
obtained by our piezoelectric resonator device with high quality factor

exhibit distinguishable feature points compared to those by PPG
method, including the distinct systolic peak (Ps), tidal peak (P7),
dicrotic notch (Np), and diastolic peak (Pp)*>*.

In addition, clinical PPG devices commonly involve rigid compo-
nents (such as battery) and require constant pressure on the skin to
ensure stable device-skin contact for good signal quality, which can
cause discomfort to the subjects during prolonged use**. By contrast,
the excellent skin conformability and light weight (-3 mg) features of
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our ultrathin device provide the comfortable wearability with a stable
device-skin interface for on-demand measurements without disturb-
ing patients’ daily life. As a demonstration, arterial pulse monitoring
with the wireless device laminated on the wrist artery site via a thin
layer of PDMS adhesion gel (base: curing agent = 40:1) was performed
during a consecutive wearing of 12 h on each day, over a period of one
week (Supplementary Fig. 23). The results indicate consistent func-
tionality without signal degradation or skin irritation during the entire
monitoring period.

The values of these peaks can provide informative clinical results
of importance, such as radial diastolic augmentation index (DAI;) and
interval time of diastolic augmentation (Tp,) between Pp and Ps,
defined as DAI, = Pp/Ps and Tpa = Tpp - Tps, respectively. For example,
the results of Supplementary Fig. 24 yield measurements of DAI, and
Tpa as 0.50 and 319.2 ms of a volunteer subject (30 years old, male)
under rest conditions, respectively, consistent with those of human
individuals (ages under 35, e.g., DAI, = 0.2-0.6 and Tps =200-50 ms) as
reported in the previous literatures>**¢, Such parameters can offer
clinical significance for monitoring human health conditions, such as
evaluation of cardiovascular function, where disorders of vascular
sclerosis typically involve decrease in artery elasticity and thus an
increase of DAI, and decrease of Tpa*"*.

Furthermore, characterizing the change of mechanophysiological
signals under conditions associated with human kinesiology is of
particular interest. Here, Fig. 3d and Supplementary Fig. 24b compare
the measurement results of continuous monitoring of pulse wave-
forms of human subjects during different states, such as rest, at-
exercise (rapid walking), and post-strenuous exercise, respectively. As
expected, the results under post-exercise conditions (orange data)
reveal gradually weakening amplitudes from Af of ~6 kHz down to the
level of 3kHz over time, indicating decreased blood pressure after
exercise within 30-min continuous measurements. Correspondingly,
Fig. 3e shows the real-time monitoring of pulse rate (in beats per
minute, bpm) captured by the LNTF-based resonator sensor (solid
data) at the conditions of rest and post-exercise, both well consistent
with the measurements using a commercial finger oximeter (hollow
data, OMRON HPO-100). Here, the results display the similar trend,
where the pulse rate increases from the rest state of 81 bpm to 140 bpm
right after exercise, and subsequently decreases with time,
approaching 108 bpm that comparable to the level of the at-rest
condition over measurements. Further analysis of the pulse waveforms
recorded at different timescale stages appears in Fig. 3f, including (i)
resting, (ii) directly after exercise, and (iii) 25-min post-exercise, cor-
responding to results of DAI, as 0.49, 0.24, and 0.42, and of Tpa as
320.6 ms, 216.4 ms, and 257.6 ms, respectively. In all of these cases, the
LNTF-based resonator sensor can precisely track the variation of pulse
waveforms associated with various cardiovascular conditions, estab-
lishing the potential use as wearable, wireless systems.

Alternative wearable application involves continuous monitoring
of breathing. Figure 3g exhibits an optical image of the LNTF-based
resonator mounted on the chest skin of a human subject (30-year-old,
male). For the real-time tracking of the respiration, inhaling and
exhaling of air into the lung can yield subtle variations of thoracic
volume, thus resulting in time-dependent strain across the surface of
the chest skin, as illustrated in the bottom of Fig. 3g. In this manner,
Fig. 3h collects two groups of real-time tracking data, including
respiration under normal conditions (upper) and deep-breath condi-
tions (bottom), respectively. Specifically, inhale- and exhale-process
cycles can lead to increase and decrease of applied strain at the device/
skin interfaces, which correspond to the peak and valley of the tracked
frequency shift of Af. As a comparison, deep breath can yield higher
amplitudes of Af and lower respiration rates compared to those of
normal breath, consistent with expectations.

Beyond simply capturing repeatable respiration, the LNTF-based
resonator sensor can also provide diagnosis of abnormal respiration

related to specific pathophysiologic conditions, such as sleep apnea
syndrome (SAS), which refers to a breathing disease of clinical
significance***°. In this context, continuous tracking of the respiration
of the patient during sleep states is important, particularly in a wire-
less, wearable measurement format. Figure 3i provides the tracking of
Af upon device application onto the chest surface of human subjects,
for dynamic assessment of SAS that can be simulated by involving
respiration apnea at specific time points. As an illustration, the time-
frequency analysis of measured Af by short-time Fourier transform
(STFT) at the bottom of Fig. 3i reveals a frequency component near
0.3 Hz, corresponding to a respiration rate of -18 cycle-min™. Specifi-
cally, apnea events that occur at ~50 seconds and at ~250 seconds can
be captured as notable interruptions in the frequency component line,
in good agreement with the continuous tracking of Af. Additional
measurements in Supplementary Fig. 25 investigate the effect of
motion artefacts on the measurement results during continuous
monitoring of respiration with introduced body movements. Although
the motions of leaning forward and stretching can cause signal fluc-
tuation and shift, the frequency response recovers to normal baseline
level after the movements (Supplementary Fig. 25a). In addition, time-
frequency domain analysis of the signal by STFT can extract the target
information (respiration rate as indicated by the black dashed line)
with stable measurements even in the presence of external inter-
ference (Supplementary Fig. 25b). These findings suggest the potential
of the resonator device for dynamically characterizing physiological
information in clinical health diagnosis.

Fully implantable, wireless modules for ICP monitoring

Precise and continuous measurement of internal pressures within
organ systems provides essential biological information for both
diagnosis and treatment guidance of various diseases® . Of particular
interest is ICP monitoring for patients with cerebral pathologies, such
as traumatic brain injury (TBI), hydrocephalus, and ischemic
stroke®*%, However, clinically available wired devices that fulfill this
function require percutaneous leads for power supply and signal
transmission, which increase infection risk and restrict patient
mobility*®°. In order to avoid the percutaneous catheter, fully
implantable and wireless ICP monitors for long-term continuous
application have been developed, such as the AURA™ ICP monitoring
system, the M.scio® sensor reservoir, and the Neurovent® P-tel system
that have been approved by the Food and Drug Administration
(FDA)*"%3, These outlined sensor implants, however, typically involve
disc-shaped housings encapsulated by rigid materials (titanium, Peek,
and ceramics) with relatively large overall thickness (4.3-7.6 mm)®,
which can cause complications including localized ischemia and dis-
ordered wound healing of overlying scalp after implantation. As a
comparison, Fig. 4a shows the schematic illustration of the LNTF
resonator device mounted on the skull, serving as a fully implantable
pressure sensor that enables wireless, minimally invasive monitoring
of ICP in a battery-free, real-time operation mode. Here, the implan-
table platform incorporates the wireless resonator sensor integrated
on a thin PDMS substrate by the SiO, bonding layer (100 nm thick),
designed with an air cavity in the center (width: 2 mm, length: 2.2 mm,
depth: 400 um) for pressure sensing (Fig. 4b). Detailed fabrication
processing appears in “Methods” section and Supplementary Fig. 26.
As shown in the cross-sectional schematic in the Supplementary
Fig. 27, the resultant device architecture forms the suspended LNTF-
based resonator to seal the air cavity that enables the measurements of
various external pressures.

The FEA results in Fig. 4c reveal the dependence of the vertical
displacement of the suspended LNTF and the corresponding strain
distribution on applied pressure that is comparable to the magnitudes
of ICP (here, we take 30 mmHg as an example). Specifically, the
increase of the applied pressure can lead to variation of electrode
spacing along the IDE array direction, and thus yield the resonance
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Fig. 4 | Wireless pressure sensor with the LNTF resonator. a Schematic of the
implanted wireless device mounted on the skull for ICP sensing. b Schematic
illustration of the wireless pressure sensor, showing the LNTF resonator device,
sputtered SiO> layer (thickness of 100 nm), and the PDMS substrate (5 mm in dia-
meter, 0.6 mm in thickness) with an air cavity (wxixd: 2 x 2.2 x 0.4 mm®). ¢ FEA
simulation of the LNTF deformation and strain distribution under an applied
pressure of 30 mmHg. d Frequency shifts of the wireless pressure sensor under
various applied pressures ranging from 0.15 mmHg to 23 mmHg. e Performance
comparison between proposed wireless pressure sensor and reported devices for
implantable application. Pressure sensing method is indicated by marker shapes

Day 3

Day 1

Day 3

while communication methods for signal transmission are categorized by different
colors. f Frequency shift in response to different incremental pressure steps.

g Calibration curve of frequency shift versus pressure. h Quantitative viability of
L929 cells in control group and device group after incubation period of 1 and 3
days. Data are means + S.D., n =3 independent samples. i Fluorescence images of
cells cultured with the device on day 1 and day 3. Green (calcein AM) and red color
(propidium iodide) indicate live and dead cells, respectively. j Comparison of the
viable cell count derived from the live/dead staining assay. Data are means + S.D.,
n=3 independent samples. Statistical analysis was performed by unpaired two-
tailed Student’s ¢ test, where p < 0.05 represents significant difference.

frequency shift, output through the wireless sensor antenna. Notably,
results of FEA modeling (Supplementary Fig. 28) indicate that
increasing the applied pressure (from 3 mmHg to 200 mmHg) can
significantly enhance the resulting strain within the suspended LNTF

resonator by orders of magnitude. To evaluate the wireless commu-
nication capability of the device under fully implanted conditions,
Supplementary Fig. 29 shows the application of such a device under-
neath the porcine skin at various thicknesses (1-12 mm) with the reader
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antenna attached on top to record the signal, suggesting excellent
communication stability between the resonator sensor and the reader
antenna.

In this context, the suspended structure of LNTF resonator sensor
and the air cavity, together with the outside reader system, can char-
acterize the mechanical properties of a range of biological targets both
in vitro and in vivo. As illustrated in the schematic diagram of Fig. 4d,
in vitro measurements that mimic pressure conditions inside intra-
cranial space can assess the ICP monitoring capability of the device at
various physical states. Here, an airtight chamber connected to a syr-
inge and a commercial manometer as comparison allows real-time
pressure adjustment inside the chamber (details appear in Supple-
mentary Fig. 30). Results of continuous monitoring of the inside
pressure, both using the LNTF-based resonator sensor (Af, orange
lines) and commercial manometer (AP, blue dots), are well consistent
in Fig. 4d, yielding a pressure-sensing resolution as high as 0.15 mmHg
(upper inset). Further characterization with various pressure levels (up
to 240 mmHg), as shown in Supplementary Figs. 31-33, suggests stable
capabilities of the device for measurements of pressure covering the
typical range in ICP monitoring (0-100 mmHg) under different
pathophysiologic conditions®.

Highly sensitive ICP recording is important both for monitoring of
severe ICP elevation and for the extraction of useful information from
subtle ICP fluctuations; therefore, continuing efforts have been devo-
ted to developing ICP sensors that can provide a low detection limit
over a wide range. Figure 4e summarizes the performance of various
devices for biomedical pressure sensing with key parameters of mea-
surement range and detection limit, as reported from previous litera-
ture, including piezoresistive” '*¢¢%°  capacitive”?*¢>707,
optical””®, acoustic?®*#>%* and magnetic methods®*®". Specifically,
the piezoresistive pressure sensors can offer a wide detection range
(typically from 100 mmHg to 400 mmHg), but their wireless sensing
usually requires rigid components such as BLE, NFC, or RFID modules.
Capacitive pressure sensors integrated with LC circuit resonators that
enable wireless applications typically have low quality factors and
present a trade-off between detection limit and range”. Examples
include an ultrasensitive ICP device that utilizes an iontronic capacitor
operating at the exceptional point (EP) with a detection of
0.003 mmHg for pressures within 0-10 mmHg** and wireless LC
pressure sensors for monitoring of ICP up to 150 mmHg with a
detection limit of 1 mmHg”. Optical pressure sensors can provide both
wide detection range and low sensing limit. However, wireless mea-
surements are challenging to realize due to the inevitable use of optic
fibers. Clinical ultrasound methods for noninvasive ICP measurement,
including the transcranial Doppler ultrasonography (TCD) and optic
nerve sheath diameter (ONSD) assessment, fail to provide sufficiently
accurate results for continuous monitoring in routine practice®. For
transcranial ultrasound monitoring of ICP with implanted devices,
replacement of a part of skull bone with acoustically transparent
materials is required to enhance ultrasonic penetration®. Other
appealing wireless implants based on magnetic field typically work in
an active manner with complex sensing modules, including separate
excitation and receiver units, as well as amplifiers for detection of weak
magnetic signal. By comparison, our LNTF-based wireless resonator
sensor with high quality factor provides a high sensitivity with a
detection limit of 0.15 mmHg. Meanwhile, the measurement range of
240 mmHg satisfies the minimum range requirement of 100 mmHg for
ICP devices, as specified in the standards developed by the Association
for the Advancement of Medical Instrumentation (AAMI)*°.

In addition, Fig. 4f shows the frequency monitoring of the LNTF-
based resonator sensor in real-time response to stepwise pressure
loading cycles, indicating stable plateaus during each holding step
without any notable creep effect. Specifically, the plot of Af against
applied pressure provides a linear relationship with high sensitivity at a
slope of 0.223 kHzz-mmHg™, as extracted in Fig. 4g. Further evaluations

of frequency response at various repeated pressure amplitudes appear
in Supplementary Fig. 34, where the long-term tests demonstrate the
operational stability and robustness of the device over 1000 cycles.

To validate the feasibility of employing our wireless LNTF reso-
nator device for in vivo application, we evaluated device biocompat-
ibility with cytotoxicity assessment (Fig. 4h-j). Figure 4h presents the
comparative results of the co-culturation of L929 rat fibroblast cells
with the sensor after 1and 3 days in CCK-8 assay, indicating a negligible
difference in quantitative cell viability compared to the control group.
Figure 4i demonstrates the fluorescent images of live/dead cell stain-
ing of the device group and the control group on day 1and day 3, both
of which illustrate similar cell morphology and proliferation rates
between the two groups (Fig. 4j). Details can be found in “Methods”
section. These results indicate that the LNTF-based resonator sensors
are nontoxic and biocompatible to biological tissues, suggesting the
potential use as wireless implants for stable operation.

In vivo monitoring of ICP on a living rat model
In vivo, real-time ICP measurement in a rat model demonstrates the
clinical applicability of our LNTF resonator-based pressure sensor.
Figure 5a showcases the schematic illustration of in vivo ICP mon-
itoring of living rats, with the implants of the ultrathin, flexible LNTF
resonator sensor and the wearables of the top reader antenna. Here,
the implantation procedures involve craniotomy surgery by drilling a
window through the skull (diameter of 5 mm), followed by integrating
the device across the cranial opening and sealing with light-curable
dental cement, as illustrated in Fig. 5b. Such methods can anchor the
device and thereby connect the resonator sensor to the intracranial
space, for dynamically and minimally-invasive monitoring in vivo ICP
(Fig. 5¢). In parallel, applications of commercial pressure sensor on the
opposite side of skull opening can simultaneously track ICP, as com-
parative results to those of LNTF-based resonator sensor (Supple-
mentary Fig. 35). Details of the animal tests appear in “Methods”
section. We analyzed the impact of various noise sources and mea-
surement parameters on the baseline stability of recorded frequency
and the pressure sensing performance of the wireless ICP sensor in
terms of result deviation and time resolution (Supplementary Note 3
and Supplementary Fig. 36). The measurement system enables a fre-
quency output rate of 10 S-s™ with a low noise-induced fluctuation of
+0.016 kHz (corresponding to a pressure deviation of +0.07 mmHg)
that can support real-time, high-sensitivity ICP monitoring for this
study. Moreover, Supplementary Fig. 37 shows frequency response of
the wireless ICP sensor to pressure change measured at different
reader-device distances (from 2mm to 8 mm). Although the noise-
induced frequency fluctuation tends to increase with increasing dis-
tance, the detection limit of 0.15 mmHg can still be achieved at a dis-
tance of 8 mm, confirming the robustness of our device for wireless
operation in practical applications.

Here, the technologies of micro-computed tomography (Micro-
CT) can be used for visualizing the implants in vivo, because of their
wide availability, non-invasiveness, and fast modes of image acquisi-
tion. Figure 5d and Supplementary Fig. 38 show the Micro-CT images
of the wireless resonator sensor implanted into the head of a living rat
5 days post-surgery, with a set of images including device implantation
position (upper in Fig. 5e) and craniotomy defect (bottom in Fig. 5e).
Details can be found in “Methods” section. For the measurement setup,
Fig. 5f shows the photograph of the in vivo ICP monitoring, with the
resonator sensor completely implanted into the rat brain and the top
reader antenna for data recording. Acute ICP variations are introduced
by periodically squeezing the rat flank. Such abdominal compression
can cause an increase of intra-abdominal pressure of the rat, and thus,
in turn, increases the ICP**”, Consequently, Fig. 5g records the real-
time ICP of the living rat based on the implanted resonator sensor
(orange lines) in response to different levels of squeeze in cycles, in
good agreement with those measured by commercial tools (blue dots)
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Fig. 5 | In vivo wireless ICP sensing in a rat model. a Diagram of the wireless
sensor implanted in the brain of a rat model for wireless ICP sensing. Inset shows
the photograph of the flexible wireless pressure sensor conformally wrapped
around a cylindrical rod. b The craniotomy preparation including a 5 mm-diameter
cranial window for implantation. ¢ Photograph of the wireless ICP sensor mounted
on a rat skull. Dental cement bonds to the skull around PDMS substrate and seals
the craniotomy opening. d Micro-CT image of the sensor implanted in the brain of a
living rat on day 5 following implantation. e Top view micro-CT images showing the
location of the implant (top) and the craniotomy defect beneath the ICP sensor

(bottom). f Photograph showing in vivo ICP measurement of a rat implanted with
the wireless device. g In vivo recording of variations in ICP due to contracting and
releasing the rat flank with different compression intensities. h Frequency changes
of the wireless ICP sensor and corresponding ICP variation induced by abdomen
compression of the rat on day 5 post-implantation. The inset shows respiration-
induced ICP baseline fluctuation. i Monitoring of ICP changes in simulated hydro-
cephalus by injection of artificial CSF. j Comparison between ICP changes recorded
by the wireless ICP sensor and commercial pressure sensor in response to CSF
volume change.
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that span a range of 10 mmHg. As consistent with previous reports®,
the enhancement of the squeeze extent can increase the magnitudes
of ICP in vivo, examples of which show an increase from 2.5 mmHg
(light) to 10 mmHg (heavy) in our cases. By comparison, Fig. 5h pre-
sents the results of ICP monitoring of a rat after 5 days following
implantation. The modest squeeze yields an increase of ICP by
~4 mmHg, which is consistent with the results of the acute test in
Fig. 5g. Due to the low detection limit of our device, the subtle ICP
variation induced by intrathoracic pressure change with respiration
can be recorded as periodic shifts in the frequency baseline®, where
the time-frequency domain analysis (Supplementary Fig. 39) indicates
a respiration rate near 0.8 Hz of the anesthetized rat. The ICP shift of
the rat model caused by respiration is around ~0.2 mmHg in this study,
which is comparable with those of other animal models (0.3 mmHg in
rabbit)*.

In addition, the use of implantable, wireless ICP monitors can offer
powerful capabilities for diagnostic utility of various brain diseases and
neurological disorders. As an example, we performed the continuous
ICP measurements for monitoring of hydrocephalus in terms of var-
ious related pathological conditions (Fig. 5i). Here, the injection of
different volumes of artificial cerebrospinal fluid (CSF) into the rat
brain can yield varying elevated ICPs to simulate the extent of
hydrocephalus®>*2. Specifically, injection of CSF increases the ICP, and
withdrawal of CSF leads to a decrease in ICP, respectively. As illustrated
in Fig. 5i, the continuous monitoring via ICP sensor provides the
recorded |Af| (red) that well resembles those measured by commercial
manometer (black). As a comparison, Fig. 5j summarizes the mea-
surement results of ICP acquired by the resonator sensor (red)
depending on the changes of CSF volumes (50, 100, 150 pL), with good
consistency with those obtained by the manometer.

To investigate the performance stability of our wireless ICP device
for long-term use, we conducted experiments for both in vitro and
in vivo applications. The sensor response to applied pressure collected
on different day by immersing the device in PBS solution at the body
temperature (37 °C) indicate consistent pressure response and a stable
sensitivity of -0.2 kHz/mmHg over a period of four weeks as shown in
Supplementary Fig. 40. For in vivo evaluation (Supplementary Fig. 41)
with a living rat model, the ICP measurements recorded on Day 1, Day
14, and Day 28, in terms of frequency response of implanted device
upon acute ICP changes by abdomen compression of the rat confirm
accurate ICP monitoring with stable performance across weeks to
months. Supplementary Table 1 compares key features of existing ICP
sensors, highlighting the advantages of our device in regard to
superior sensing performance, miniaturized size, and long-term
functionality for implanted applications.

Further assessment of in vivo biocompatibility over an extended
timescale confirms the biosafety of the wireless ICP sensor as brain
implants. Results in Supplementary Fig. 42 demonstrate the soaking
test for determination of content species of released elements (i.e., Li,
Nb, Cr, Au) within biofluids, during different timescales of immersion
of the resonator sensor (from 1 week to 5 weeks) in PBS solution
(200 mL, pH 7.4, 37 °C). Here, the inductively coupled plasma-mass
spectrometry (ICP-MS) results indicate increases in the concentration
of these elements upon immersion duration, all of which are well
below the toxicity levels in adults according to previous reports™®*,
Immuno-fluorescence images in Supplementary Fig. 43 show the brain
tissues from the rat implanted with devices for two months that are
stained by DAPI, GFAP, and CD68 for recognizing the cell nuclei,
astrocytes, and macrophages, respectively. These images suggest the
absence of abnormal inflammation activity compared with that of the
control rat without implants. Additionally, histological analysis by
haematoxylin and eosin (H&E) staining of the major organs (brain,
heart, liver, spleen, lung, and kidney) obtained from a rat implanted
with the device for two months and a control rat reveals no sign of
systematic inflammation or organ damage (Supplementary Fig. 44).

These results together validate the biological feasibility of the ICP
sensors for the use of fully-implantable, wireless platforms.

Discussion

The results presented here demonstrate ultrathin devices that inte-
grate an LNTF resonator with a coupling antenna for continuous,
wireless sensing of subtle physiological signals induced by physiolo-
gical activities. The distinguishing features compared with reported
wireless devices utilizing rigid BLE or NFC modules are the flexible and
chipless design, which allows for conformal attachment to the tissue,
thereby alleviating the mechanical property mismatch and improving
mechanical coupling at the device-tissue interface. Wearable applica-
tions as demonstrated in the monitoring of vital signs with high levels
of accuracy and reliability, suggest the potential of the device to
complement existing clinical-standard systems. Furthermore, the
wireless and battery-free feature eliminates the need for percutaneous
wires and periodic replacement of power sources, making it particu-
larly advantageous in implanted scenarios. In vivo experiments per-
formed on rat models by mounting the LNTF resonator-based pressure
sensor on the skull highlight the capability of continuous ICP mon-
itoring in a wireless and minimally invasive manner. Cytotoxicity
assessment and analysis of released element content, along with the
immunofluorescent and histological studies on the brain and other
main organs of the rats implanted with the device for extended periods
reveal the absence of toxic effects or immune reactions. Taken toge-
ther, the wireless communication scheme, miniaturized size, flexible
form factor, and excellent biocompatibility may form the basis for
future biomedical electronics capable of measuring physiological sig-
nals and disease-related internal pressures.

Future work will focus on integrating multichannel piezoelectric
resonators through the frequency-multiplexed method, which can
maintain the miniaturized size of the device while providing simulta-
neous and multifunctional sensing of different parameters. In addition,
further optimization of the electrical impedance matching between
the piezoelectric resonator and the coil inductor will be carried out for
enhanced power transmission efficiency, and thus higher signal
strength and communication range. Another future opportunity lies in
the utilization of alternative biodegradable materials to construct
wireless resonator devices that enable programmed bioresorbable
properties after a predesigned operation period for simplifying sur-
gical procedures and extending the range of clinical applications.

Methods

Fabrication of the free-standing LNTF

Fabrication began with mechanical back-grinding of the LNOI wafer
(128Y-cut LN~3 pm, buried SiO,-2 pm, Si substrate ~500 pm;
NANOLN) to reduce the Si substrate thickness (200 pm). Dicing the
wafer yielded LNOI blocks with in-plane dimensions of 1 mm x 1.3 mm.
Immersing the blocks in tetramethyl ammonium hydroxide (TMAH,
10%; Adamas) for 8 h at 90 °C fully removed the silicon substrate.
Subsequent buried oxide etching in hydrogen fluoride solution (HF,
42%) for 5min, followed by sufficient rinsing with deionized water,
yielded the free-standing LNTF (thickness ~3 pm).

Fabrication of the wireless LNTF resonator device

Preparation of the glass substrate for device fabrication involved spin-
casting polymethyl methacrylate (PMMA, 950 A7, -1 pm; MicroChem)
and PI (thickness ~2 um; Ya’an New Material) on a glass slide, as the
sacrificial layer and the supporting layer, respectively. Baking the glass
substrate at 230 °C for 2 h fully cured the PI layer. Spin-casting a sec-
ond PI layer (thickness -2 pm), followed by partial curing at 110 °C for
20 s formed the bonding layer. Transfer-printing of the LNTF involved
picking up the LNTF with a PDMS stamp (base:curing agent = 4:1,
Sylgard 184; Dow Corning) and pressing the stamp onto the Pl bonding
layer. Deposition of Cr/Au (5nm/200 nm) by magnetron sputtering
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(PVD-400; SKY Technology) and wet etching through photo-
lithographically (MA6; SUSS) patterned photoresist mask (S1813, 1.5
pm; Dow) defined the IDE and the interwire. Another PI coating
(thickness -2 pm) served as the isolation layer. Selective removal of PI
by oxygen-reactive ion etching (RIE, T2; Trion) with patterned mask
(AZ4620, -10 pm; MicroChemicals) opened the VIAs. Magnetron
sputtering deposited a second layer of Cr/Au (10 nm/500 nm), fol-
lowed by photolithography and wet etching to define the coupling coil
(11 mm in diameter) with a track width of 0.75 mm and a trace width of
0.6 mm. Spin coating another PI layer encapsulated the device. Pat-
terned RIE of Pl defined the window for exposing the LNTF and created
the perfusion hole array (diameter of 50 pm) for dissolving the
underlying PMMA layer. PMMA removal by immersing the device in
acetone released the device from the glass substrate. Laminating the
device, with the IDE side facing down, onto another PMMA-coated
glass slide, followed by RIE of the Pl window on the other side of LNTF
finished the fabrication process.

Assembly of the wireless pressure sensor

Pouring the PDMS mixtures (base:curing agent = 4:1) into a PMMA
mould and curing at 70 °C for 10 h produced the PDMS substrates
(600 pm in thickness, 5 mm in diameter) with an air cavity (dimensions
of 2x2.2x0.4mm®). Sputtered SiO, (100 nm) onto the PI encapsula-
tion of the resonator device with a PDMS block covering the resonator
region served as the bonding layer. Oxygen plasma treatment (300
mTorr, 45s; PDC-32G, Harrick Plasma) of the PDMS substrate and the
device activated the surfaces for bonding. Careful alignment of the
PDMS substrate with the wireless device located the LNTF in the center
of the air cavity. Following bonding enhancement performed on a hot
plate at 80 °C for 20 min finished the assembly of the wireless pressure
Sensor.

FEA simulation of electromechanical coupling coefficient
Simulations of the suspended LNTF resonator and the resonator
coated by PI layers were performed using COMSOL Multiphysics 6.1
through the solid mechanics and the electrostatics interfaces. The
resonators were modeled in 3D geometry with the 3 um thick 128Y-cut
LN, the IDE (Au 200 nm), and the PI layers of different thicknesses on
both sides of the LN. The top and bottom boundaries of the resonator
were set as free boundary conditions. Mechanical loss was included in
the models through an isotropic loss factor of 0.002. Eigenfrequency
study was first carried out to investigate the resonance mode and
obtain the eigenfrequency. In the following frequency-domain analy-
sis, a unit voltage and ground were applied to the electrode ports. The
admittance of the resonator was then calculated as a function of
selected frequency range. The effective electromechanical coupling
coefficient of the LNTF resonator is calculated according to’:

o m(fy—f?)

where the f; and f,, are the resonance and anti-resonance frequencies
extracted from the admittance curve.

@

Real-time recording of resonance frequency

For real-time recording of the resonance frequency of the resonator
device, a customized interface programmed with LabVIEW 2021
(National Instruments) enabled the control of the VNA (ZNL 6, Rohde &
Schwarz) and signal processing. Connecting a reader coil (diameter of
2 cm) to one port of the VNA allowed wireless measurement of the
scattering parameter S;; (power of 0 dBm) of the device. Lorentz
function fitting to the magnitude data of S;; determined the resonance
frequency. Here, the software interface supports the control of fre-
quency ranges, frequency points, and sweep average number for Sy
measurements, as well as the spectrum fitting for resonance frequency

determination, enabling the automatic output of frequency response
in real time at a maximum rate of 100 S-s™.

Wearable applications in pulse and breath monitoring

For wearable application of the wireless device in pulse and breath
monitoring, the device was transferred on water-soluble tape and
laminated onto the wrist or the chest for measuring artery pulse or
respiration, with a layer of bio-glue (Derma-tac, Smooth-On Inc.) ser-
ving as the adhesives. The water-soluble tape was then dissolved and
completely removed with DI water. For repeated detachment and
lamination, application of sticky PDMS gel (base:curing agent =40:1) as
an alternative adhesion layer enabled multiple uses of the device.

In vitro pressure sensing test

The in vitro pressure measurement involved placing the wireless
pressure sensor inside an airtight chamber partially filled with PBS
solution. Connecting a syringe pump (PHD ULTRA, Harvard Appara-
tus) with the chamber and a commercial manometer (510i, Testo) via a
tee connector and plastic tubes enabled control of the pressure inside
the chamber. Placing a reader coil connected to the VNA near the
wireless pressure sensor allowed for measurement of the sensor
response to pressure change.

In vivo ICP monitoring

Adult male rats (Sprague-Dawley, weighing 250-350g, 7-9 weeks)
were fully acclimatized for 7 days before surgery. The animals were
anesthetized using isoflurane gas (4% for induction and 2% for main-
tenance) and fixed in a stereotaxic frame during the surgical proce-
dures. The device implantation process involved the head skin
sterilization, creation of craniectomy defect (diameter -5 mm) on the
skull, removal of dura mater, fixation of the device on the cortical
surface, sealing of the cranial window with dental cement (Transbond
XT, 3 M), and suture of the skin. Placing a reader coil above the rat head
(distance ~ 1mm) enabled monitoring of the ICP change upon
squeezing and releasing the rat flank. For the hydrocephalus rat model,
insertion of a polyurethane tube (inner diameter of 1mm) on the
contralateral side that connected with an injector and a commercial
pressure sensor allowed the injection of artificial CSF and provided
comparative ICP results. To assess the stability and performance of the
wireless sensor with time, ICP measurements were performed on dif-
ferent days after the implantation. Micro-CT (SkyScan 1276, Bruker)
images were taken to check the condition of the device inside the
rat head.

In vivo biocompatibility assessment

For evaluation of inflammation response, the brain tissue from rats
implanted with the device for two months and from control rats were
immunostained for glial fibrillary acidic protein (GFAP) to detect
astrocytes and CD68 to identify microglia/macrophages. Briefly, the
dissected brains were post-fixed in 4% paraformaldehyde solution,
dehydrated with gradient ethanol, embedded in paraffin wax, followed
by sample sectioning (RM2016, Leica). The prepared section slides
were then blocked in 3% bovine serum albumin (BSA) for 50 min and
incubated with the primary antibodies (mouse anti-GFAP, 1:500, Ser-
vicebio, GB113109; rabbit anti-CD68, 1:200, Servicebio, GB15096)
overnight at 4 °C. After washing three times with PBS, the sections
were then incubated with the secondary fluorescent antibodies of goat
anti-mouse IgG (CY3 conjugated, 1:300, Servicebio, GB21301) and goat
anti-rabbit 1gG (Alexa Fluor 488 conjugated, 1:400, Servicebio,
GB25303) for 50 min, followed by nuclei staining with 4’,6-diamidino-
2-phenylindole (DAPI) for 10 min. In addition, H&E staining was per-
formed on the organ slides from the brain and other main organs,
including heart, liver, spleen, lung, and kidney. Section images were
finally obtained using a digital slide scanner (Pannoramic MIDI,
3DHISTECH).
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Ethics

All human tests involved simple device contact without physical
modification of the skin or invasive measurement. The experiments
were conducted by protocols approved by the Ethics Committee of
Tongji Hospital Affiliated to Tongji University (approval no. 2025-173).
Informed consent was obtained from all participants before inclusion
in this study. All animal experiments were performed in accordance
with the guidelines of the Institutional Animal Care and Use Committee
and approved by the Animal Committee of Laboratory Animal Center
at Fudan University (approval no. 202312020S) and by the Shengchang
Biotechnology Co. Ltd. (approval no. 2024-08-FDDX-SEM-114).

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

Data availability

All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.
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