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Photoacoustic tomography leverages ultrasound’s deep tissue penetration to retrieve optical absorption contrast
well beyond the optical diffusion limit. Conventional photoacoustic systems rely on externally delivered light and
are therefore constrained by optical attenuation, limiting imaging depths to several centimeters. Here, we
overcome this constraint using a compact, acoustically powered device that provides optical excitation directly
from within the target medium. By exploiting the weak attenuation of low-MHz ultrasound, acoustic energy is
transmitted through tissue to wirelessly power a pulsed laser diode. The emitted light pulses generate photo-
acoustic signals that encode local optical absorption at clinically relevant depths, which could enable imaging in
regions such as the gastrointestinal tract that are inaccessible to surface-based illumination. We demonstrate this
approach by imaging through a 12 cm thick phantom, establishing a pathway toward deep-tissue photoacoustic

imaging.

1. Introduction

Since the early 2000s, capsule endoscopy (CE) has provided a
minimally invasive means of imaging the gastrointestinal (GI) tract [1],
[2], offering direct views of small intestine segments that upper or lower
endoscopy cannot reach [3]. Compared with conventional endoscopy,
CE is less invasive, does not require sedation, and enables prolonged
monitoring as the capsule transits the GI tract [4], [5]. Ingestible CE
devices contain a battery-powered camera and light source, and the
images are transmitted wirelessly using radiofrequency signals to re-
ceivers positioned outside the body. However, since CE relies on con-
ventional white-light photography, it reveals only the mucosal tissue
surface [6]. Pathologies that reside within or beyond the bowel wall,
such as transmural inflammation, angiodysplasia, or submucosal tu-
mors, may not be detected [7]. An imaging modality capable of probing
through the GI tract wall is therefore needed to improve the diagnosis
and management of conditions like Crohn’s disease, vascular malfor-
mations, and abdominal cancers [8].

MRI and CT provide excellent structural images of the abdomen, and
endoscopic [9] and capsule-based [10] ultrasound systems can image
beyond the mucosal wall. However, none of these modalities offer the
functional and molecular contrast provided by optical imaging, such as
visualization of blood vessel density. Photoacoustic tomography (PAT)
is advantageous in imaging optical contrast at cm-scale depths beyond
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the tissue surface. Using high pulse-energy laser sources (~1 J), imaging
depths of several centimeters have been obtained in regions like the
breast [11], [12], [13]. These images reveal rich optical contrast relating
to, for instance, blood oxygenation. However, to image regions deeper in
the body like the GI tract using external illumination, PAT is limited by
the effective attenuation coefficient yo¢ ~ 0.9 —1.74 cm™! [11], [14]. At
depths of several centimeters, the optical fluence is highly attenuated
and results in prohibitively weak photoacoustic signals.

To perform PAT deeper in the body, photoacoustic endoscopy has
been developed, where optical excitation is guided into the GI tract
using optical fibers [15], [16]. The resulting acoustic signals are
detected on the same endoscopic tether and are used for image recon-
struction. However, tethered photoacoustic endoscopes are similarly
constrained by the anatomical reach of conventional upper or lower
endoscopes. Furthermore, these systems would require patient intuba-
tion and sedation, limiting their suitability for routine screening or
longitudinal monitoring. There is therefore a gap in minimally-invasive
technologies for imaging beyond the mucosal surface through the entire
GI tract.

Here, we introduce an approach that enables wireless PAT (WPAT) at
acoustically scalable depths well beyond the optical diffusion length.
This device housing has a form factor comparable to existing CE devices
(26 mm length, 11 mm diameter). PAT typically employs high-energy
tabletop lasers, but here we perform PAT using a compact laser diode.
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Since MHz-scale acoustic waves propagate much deeper into the body, We model the device dimensions from commercial CE devices like the
we use an external ultrasound transmitter to power the device and re- Medtronic Pillcam, CapsoVision CapsoCam, and Olympus EndoCapsule
cord the generated photoacoustic signals with a human-scale receiver [18], [19]. This small size severely constrains the available components
array (60 cm in diameter). To synchronize optical excitation with ul- and requires several design choices to maximize performance despite
trasound detection, electromagnetic pulses are received by the device the small device volume. Furthermore, the power budget for the design
and are used to trigger a pulsed 905 nm laser diode. We demonstrate is strongly constrained by acoustic power transfer. We seal the enclosure
WPAT by imaging a target through a 12 cm thick agar phantom. using polydimethylsiloxane (PDMS) due to its transparency at 905 nm
[20], similar acoustic impedance to water and tissue [21], and durability
2. Results and biocompatibility in ingestible applications [22].
The WPAT device consists of three modules (Fig. 1): optical excita- 2.1. Optical excitation module
tion, acoustic power rectification, and electromagnetic triggering. Op-
tical excitation is performed using a 905 nm laser diode, where ~0.6 ps, The laser excitation module (Fig. 2) consists of a pulsed 905 nm
~130 pJ pulses are discharged using a capacitor bank and a high-current surface-mount laser diode array (Excelitas TPGAD1S11A—4A) driven
field-effect transistor (FET). We choose this wavelength based on its for high peak-power operation. All four emitters are fired simulta-
deep tissue penetration and laser diode availability for LiDAR applica- neously to achieve ~300 W peak optical output during ~0.6 ps pulses.
tions. Wireless power transfer is done acoustically using a 500 kHz The diode is switched using a low-inductance gallium nitride FET
receiving transducer, followed by a Cockcroft-Walton voltage multiplier (EPC2015), controlled by a gate driver (LMG1020), while a capacitor
circuit to maintain uniform input impedance while charging the bank pre-charged to 15 V supplies the required current (~30 A peak).
capacitor bank. We trigger the laser firing using electromagnetic pulses, To achieve sharp optical pulses, we position the laser diode between two
where a conformal helical antenna receives signals which are then rows of capacitors totaling 4.5 uF where lines of vias are used to reduce
rectified and fed to a monostable multivibrator circuit to generate the inductance during rapid high-current discharging. These capacitors
consistent pulse durations. The resulting photoacoustic signals propa- are charged during the acoustic power transfer phase and are partially
gate through ~30 cm of water and are detected by a 60 cm diameter, discharged during excitation.
512-element ultrasound receiver array, which we have used for in vivo We recorded the average optical pulse energy as 130 pJ using a
whole cross-sectional human imaging [17]. photodiode power sensor (Thorlabs S120C). We compare this with the
Each module is fabricated on a separate 0.4 mm thick printed circuit electrical energy consumed, which is found by the voltage drop on the
board (PCB), and they are interconnected using board-to-board wiring. charged capacitor bank from 15V to ~9 V, where the electrical pulse
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Fig. 1. Wireless photoacoustic tomography device. a, Overview of the energy sources used for powering, triggering, and exciting photoacoustic signals deep in tissue.
b, Model of the assembled device. ¢, Block diagram of the device modules.
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Fig. 2. Optical excitation module. a, Simplified circuit diagram. GD: gate driver (LMG1020). GaN FET: gallium nitride field-effect transistor (EPC2015). The
capacitor bank (Cpank) consists of eight 0.1 pF and four 1 pF capacitors arranged on the top and bottom of the PCB. b, Assembled module.

energy is E;p = 3C (Vl2 —Vf) ~ 324 pJ. This results in an electrical-to-
optical efficiency of ~40%.

2.2. Acoustic power transfer

With an average per-pulse electrical energy consumption of ~324 pJ,
operating the laser at a 50 Hz repetition rate requires ~16 mW average
electrical power. The quiescent power consumption of the other device
components is < 1 mW. An internal battery could enable short-term
operation, but the capsule must remain functional throughout its
multi-hour GI transit, so relying on battery power alone would limit
imaging duration. The required power is greater than what typical
inductive or RF-based wireless power transfer systems report for deep
tissue implants [23]. We instead take advantage of the low attenuation
and guided energy delivery enabled by MHz-scale ultrasound.
Ultrasound-based wireless power transfer has been demonstrated to
yield mW-scale power to deeply implanted mm-sized devices [24], [25].
Furthermore, a single external acoustic array may in the future perform
both ultrasound power delivery and photoacoustic detection, simpli-
fying the clinical workflow while enabling shared calibration methods
like sound speed correction that enhance both powering and imaging
performance.

To wirelessly supply the ~16 mW average power required for laser
operation, we first consider the acoustic safety limits. The FDA specifies
a spatial peak temporal average intensity Ispra < 720 mW/cm?, which
we treat as the maximum acoustic intensity that can occur in tissue or on
the capsule surface, and a mechanical index (MI) < 1.9 MPa/+/MHZ.
Given our acoustic receiver surface area of 0.28 cm?, up to ~200 mW of
acoustic power can therefore be incident on the receiver. Achieving the
required electrical output therefore requires an acoustic-to-electric
conversion efficiency > 8%. Note that we optimize here for the total
received electrical power when constrained by the safety standards
rather than the efficiency of the entire acoustic link.

The received 500 kHz electrical signal must then be rectified and
stored for pulsed laser operation. We employ a two-stage Cockcroft-
Walton voltage-multiplier (Fig. 3a), a diode—capacitor ladder circuit
used to generate elevated DC voltages, chosen for its stable input
impedance while charging the capacitor bank. The input impedance of
the generator is measured as 186.1 Q « — 12.2° during charging. An LC
matching network is inserted between the receiver and multiplier circuit
to maximize power transfer.

Acoustic power is delivered using a flat 1.5-inch diameter 500 kHz
transducer (Olympus V389-SU) driven by an arbitrary waveform
generator (Siglent SDG2042X) and power amplifier (E&I 350 L). We also
electrically match the transmitting transducer (235 Q z — 44°) to the 50
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Fig. 3. Acoustic power transfer for wireless photoacoustic tomography. a, Simplified circuit diagram. Vg, is connected to a power amplifier driving the transmitter.
Vpys is connected to the capacitor bank powering the laser diode array. b, Charging profile of the rectified bus voltage (Vj,s) during acoustic power transfer. c,
Schematic of the transmitter and receiver geometry. L= 37 pH; C= 1.3 nF; Lx = 322 pH; Cx = 275 pF; Ccw = 10 nF.
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Q power amplifier using an LC matching network. The flat transmitting
aperture produces a broad axial region of near-uniform intensity near
the Rayleigh length Doy ~ D?/4A ~ 12 cm, reducing sensitivity to
capsule positioning. Given the uncontrolled motion and in the GI tract,
this could improve the reliability of received power delivery compared
with a sharply focused transmitter. Here, we maximize the safety-
limited acoustic intensity that is converted into electrical energy at the
capsule rather than the efficiency of the entire acoustic power transfer
link.

We then used this system to wirelessly charge the capacitor bank
used for laser firing, where a linear increase in voltage is found during
the charging period (Fig. 3b). A Zener diode is also used to limit the
rectified DC voltage to 15 V, where additional acoustic power received
after the capacitor bank is charged to 15V is dissipated through the
Zener diode. Using a calibrated hydrophone (Onda HGL—0085), we
measured the peak acoustic pressure as p,x = 210 kPa, corresponding to
a mechanical index of ~0.3. This results in a peak acoustic intensity of
pgk /2Z4 ~ 1.47 W/cm?, so a maximum duty cycle of ~49% can be used

while remaining within the safety standards.

2.3. Wireless triggering

To control laser firing and to synchronize with photoacoustic
detection, we use low-latency wireless triggering. Alternatively, an in-
dependent trigger source could be included inside the device, which is
synchronized to the external detection circuitry. However, this may lead
to drift over time and would not provide flexibility in the repetition rate
used during acquisition. For low-latency triggering, an energy source
with high propagation speeds and low loss in tissues is desirable.

We transmit a broadband electromagnetic pulse using a fast-rise-
time electrical pulse (Olympus 5073PR) connected to a water-
immersed dipole antenna. The rise time is approximately 2 ns, corre-
sponding to pulse frequency content up to several hundred MHz. In this
frequency range, electromagnetic waves exhibit moderate attenuation
in aqueous and biological media, enabling penetration that is sufficient
for the dimensions relevant to the gastrointestinal tract. The transmitted
signals are detected using a conformal helical antenna surrounding the
device operating in broadside mode. While a resonant antenna could be
more efficient, the varying dielectric properties throughout the GI tract
may unexpectedly alter the antenna behavior due to dielectric loading.

Since the trigger input is high impedance, the received energy can be
small while generating reasonable voltages. The antenna is connected to
a full-wave rectifier constructed using ultrafast diodes (SMS7621). A 10
kQ pull-down resistor is placed at the output terminal to shorten the rise
times associated with the internal capacitance of the diodes. The
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rectifier output then connects to a monostable multivibrator, a pulse-
generation circuit that produces a single fixed-duration output pulse
following a trigger event. The resistor and capacitor values are chosen to
generate ~0.6 ps pulses for triggering the laser diodes through the gate
driver. An example wirelessly-generated pulse is shown in Fig. 4. The
jitter of the trigger output is found to be less than 0.1 ps, corresponding
to an uncertainty of less than 0.15 mm during image generation. This
module also contains a low-dropout voltage regulator to obtain a 5V
source from the 15 V obtained from acoustic power transfer.

2.4. Wireless photoacoustic imaging

The acoustically powered and electromagnetically triggered WPAT
device is shown in Fig. 5, and the device operation with varying position
is shown in Supplementary Video 1. The device is mounted on an
acoustic absorber to reduce reverberation in the water tank. These im-
ages were recorded using a scientific camera (FLIR GS3-U3-23S6M).
Note that the camera’s sensitivity at 905 nm is ~10 times weaker than at
visible wavelengths.

The system timing diagram for imaging is shown in Fig. 6a. First,
acoustic power transfer is performed over 8 ms, charging the laser
module capacitor banks. Due to the high acoustic intensity used for
device powering and the low acoustic attenuation at 500 kHz, we use a
10 ms gap to allow the acoustic powering signals to decay so that they
do not dominate the weak photoacoustic signals. Note that this time
could likely be reduced in human tissue due to greater attenuation and
scattering. The resulting photoacoustic signals are recorded using the
custom 512-element, 60 cm diameter array described in [17]. Following
detection, the next acoustic charging cycle begins. This results in an
acoustic powering duty cycle of 40%, corresponding to an Igprp ~
590 mW/cm?.

We demonstrate this approach by imaging a target while performing
acoustic power transfer through a 12 cm thick 4% agar phantom, which
we use as a test scenario for human GI imaging applications. We scan the
transmitter and WPAT device laterally in two dimensions (Fig. 6b) in
4 mm steps. At each position, we average the photoacoustic response
from 2000 laser shots. We then apply a notch filter at 500 kHz on the
recorded signals to reduce remaining reverberation from acoustic
powering. The PAT images from each device position are reconstructed,
and a 6 mm Gaussian window is used to isolate photoacoustic signals
from the local optical excitation. We scan 45 positions to construct a cm-
scale target image (Fig. 6d). A signal-to-noise ratio of ~17 is found for
the image at a single device position, and the spatial resolution is found
as ~0.9 mm (see Supplementary Information). We emphasize that
despite the very weak optical pulse energy (130 pJ) and human-scale
distances from the acoustic transmitter and photoacoustic receivers we
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Fig. 4. Wireless triggering circuit. a, Simplified circuit diagram. SN74: monostable multivibrator integrated circuit. The pulse duration is fixed by the RC values used
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can generate PAT images using an entirely wireless device in a small
form factor.

3. Discussion

We have demonstrated wireless PAT at clinically relevant depths
using a wirelessly powered and triggered device in an ingestible form
factor. This technology may enable imaging through mucosal layers in
the entire GI tract, which is not possible with any existing approach.
Acoustic power transfer eliminates the need for onboard batteries,
which could enable prolonged continuous imaging during natural
transit through the GI tract. In the future, large animal studies will be
important to evaluate WPAT’s clinical utility, including the detection of
inflammatory lesions in Crohn’s disease or the characterization of sub-
mucosal tumors.

A remaining challenge for clinical translation is the potential

presence of air pockets in parts of the GI tract, which could impede both
acoustic power transfer and photoacoustic signal detection. While the
small intestine is generally filled with fluid [26], the stomach and large
intestine often contain larger volumes of air. Importantly, pre-procedure
administration of simethicone, an antifoaming agent already used in
capsule endoscopy preparation, has been shown to significantly reduce
intraluminal gas bubbles [27]. Similar preparation protocols may
therefore be adaptable to WPAT procedures to minimize acoustic
shadowing. Additionally, although we employed a single-element
transmitter for wireless powering, heterogeneous abdominal tissue
may require adaptive beamforming to efficiently deliver acoustic energy
to the device. Our experiment also assumes a known device location, but
in the realistic GI tract the device will change position and orientation
during transit. Robust localization strategies using, for instance, mag-
netic fields [28], [29], electromagnetic waves [30], or ultrasound im-
aging could enable real-time device tracking for optimal acoustic beam
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steering to power the device.

Since image acquisition is performed over several seconds, motion
artifacts in vivo will need to be accounted for. Conformal ultrasound
arrays [31], which may become commercially available in the future,
could be wrapped around the waist to enable continuous imaging and
device powering throughout the GI tract. While these could compensate
for bulk patient motion, differential movement between the skin and
abdominal organs must also be considered. Imaging time is currently
limited by the pulse energy of available laser diodes. Higher pulse en-
ergy devices are an active area of development and would directly
enable faster imaging. Several additional features of this device could be
optimized for GI imaging. For example, in conventional CE, side-viewing
optics from the device may provide more clinically useful images than
forward-looking views [32]. Future WPAT designs could therefore
incorporate lateral optical illumination to better image structures
perpendicular to the axis of transit.

Other mechanisms, such as sonoluminescence [33], [34] or
microwave-driven plasma, can also convert other forms of energy into
optical emission, but they face key limitations for biomedical use. The
acoustic pressures required to generate sonoluminescence far exceed
human safety thresholds, and the resulting optical source would be
accompanied by strong nonlinear acoustic responses that could mask the
weak photoacoustic signals. Similarly, generating microwave-induced
plasma would require high electric field amplitudes and specialized
gas environments that are likely infeasible for human use.

Future WPAT implementations could incorporate an onboard
acoustic receiver to detect photoacoustic signals closer to the source.
Local detection would allow the use of higher frequency ultrasound,
improving spatial resolution with reduced attenuation and aberration
through tissue. However, integrating front-end amplification and digi-
tization would substantially increase the device’s power requirements
compared with the external photoacoustic detection demonstrated here.
As an alternative, passive readout methods such as radiofrequency [35]
or magnetoelectric [36] backscatter links may enable the transmission
of encoded acoustic information without requiring high-power elec-
tronics in the capsule.

4. Materials and methods
4.1. Acoustic receiver design

The chosen operating frequency is a trade-off between energy
penetration and device size. Lower frequencies reduce tissue attenuation
but require thicker transducers (for thickness-mode resonance) and, for
a given peak rarefactional pressure, yield a higher mechanical index. We
select 500 kHz as a balanced compromise. To efficiently convert
acoustic energy into electrical power, we developed a custom 500 kHz
compact resonant receiver. PZT—5A was selected as the piezoelectric
material for its high electromechanical coupling factor (k33 = 0.72). The
outward-facing surface of the transducer is bonded to silver epoxy (MG
8330), acting as both a quarter-wave matching layer and an electrical
connection. With an acoustic impedance of ~6 — 7 MRayl, silver epoxy is
close to the ideal quarter-wave matching impedance \/Ziss Zgran ~ 7.3
MRayl needed to couple energy effectively between tissue (Zyss = 1.5
MRayl) and PZT—5A (Zyan = 36 MRayl). The inner surface is air-backed
to increase mechanical resonance and to prevent unwanted energy
leakage into the capsule interior. At resonance, the receiver has an
electrical impedance of 3.78 kQ « — 47.8° as measured with an LCR
meter (Hioki 3532-50).

4.2. Acoustic power transfer efficiency

The total acoustic-to-electrical power efficiency at resonance is
governed by acoustic and electrical impedance matching and is ulti-
mately limited by internal mechanical loss and dielectric loss, with
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higher k33 generally supporting greater achievable efficiency [37]. The
parameter k33 characterizes the strength of electromechanical coupling
and is related to the separation between resonance and antiresonance,
rather than directly specifying acoustic-to-electrical power efficiency. In
practice, the delivered electrical power fraction is described by an
equivalent-circuit view in which matching determines how much of the
converted power reaches the load versus being dissipated internally.

We estimate the efficiency of the receiver transducer based on the
open-circuit recorded voltage and the incident pressure on the receiver
surface. We used a hydrophone to record the incident peak pressure as
Dpk ~ 145kPa using a representative continuous-wave transmitter
power. The available power at the receiver, assuming a uniform pressure
distribution over the small receiver area A, is therefore

2
Pk) A ~ 198mW. o)
27,

P avail =

We then recorded the open-circuit voltage from the receiver as
Voe ~ 30V, resulting in an estimated received power of

(Voo)?

= Y R 2
8Re{Zow] ~ O0mW: 2

where Re{Zyy} ~2.54kQ is the real part of the receiver output
impedance. This results in an estimated transducer efficiency of
P,

=™ x~26 % 3)
1 P, avail

We compare this with the KLM model [38] for PZT—5A, using gz3 ~
0.025V-m/N and thickness d = 4 mm. The open-circuit voltage is

estimated as:
Voo (0) = g33dT33.e1t(@) @

where Ta3 ¢ is the effective normal stress in the piezoelectric, found
from the incident acoustic pressure as T3z eff(®) = PincGac(®). The stress
gain Guc(w) accounts for the quarter-wave matching layer and me-
chanical resonance from the air backing. Here, the measured V,. ~ 30 V
is achieved for Gac(@) ~ 2, which is a modest value for an air-backed
resonant transducer.

Note that after the matching circuit into the Cockcroft-Walton
generator, the input voltage is lower due to the lower input imped-
ance. Given the acoustic-to-electric efficiency from the transducer of
~26%, the required efficiency of the matching circuit and generator is
~31% to achieve a total required efficiency of 8% to meet our power
requirements given the acoustic safety standards.

4.3. Device construction

The device is housed in a 3D-printed capsule with a PDMS window
on the front and rear surfaces. PDMS is used to provide a protective
barrier that could survive the GI tract without substantially attenuating
acoustic or optical energy. The receiving ultrasonic transducer is wired
to the matching network, which then connects to the acoustic rectifier
PCB. The two arms of the helical antenna are connected to the triggering
PCB. Prior to encapsulation, each circuit is mounted using a 3D-printed
holder. The three PCBs are connected mechanically and electrically
using four lines: ground, 5V, 15V, and trigger.

CRediT authorship contribution statement

Lihong V. Wang: Writing — review & editing, Supervision, Funding
acquisition, Conceptualization. David C. Garrett: Writing — review &
editing, Writing — original draft, Validation, Methodology, Investigation,
Funding acquisition, Data curation, Conceptualization.



D.C. Garrett and L.V. Wang
Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Lihong V. Wang reports financial support was provided by the Chan
Zuckerberg Initiative. Lihong V. Wang reports a relationship with
Microphotoacoustics, Inc. that includes: board membership. Lihong V.
Wang reports a relationship with CalPACT, LLC that includes: board
membership. Lihong V. Wang reports a relationship with Union Photo-
acoustic Technologies, Ltd. that includes: board membership. If there
are other authors, they declare that they have no known competing
financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This project has been made possible in part by grant number
2024-337784 from the Chan Zuckerberg Initiative DAF, an advised fund
of the Silicon Valley Community Foundation. L.W. has a financial in-
terest in Microphotoacoustics, Inc., CalPACT, LLC, and Union Photo-
acoustic Technologies, Ltd., which, however, did not support this work.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.pacs.2026.100844.

Data availability
Data will be made available on request.

References

[1] G. Iddan, G. Meron, A. Glukhovsky, P. Swain, Wireless capsule endoscopy,
417-417, Nature 405 (6785) (May 2000), https://doi.org/10.1038/35013140.

[2] T. Nakamura, A. Terano, Capsule endoscopy: past, present, and future,

J. Gastroenterol. 43 (2) (Feb. 2008) 93-99, https://doi.org/10.1007/s00535-007-
2153-6.

[3] B. Akpunonu, J. Hummell, J.D. Akpunonu, S. Ud Din, Capsule endoscopy in
gastrointestinal disease: evaluation, diagnosis, and treatment, Cleve. Clin. J. Med.
89 (4) (Apr. 2022) 200-211.

[4] Z.Liao, R. Gao, C. Xu, Z.-S. Li, Indications and detection, completion, and retention
rates of small-bowel capsule endoscopy: a systematic review, Gastrointest. Endosc.
71 (2) (Feb. 2010) 280-286, https://doi.org/10.1016/j.gie.2009.09.031.

[5] M. Pennazio, et al., Small-bowel capsule endoscopy and device-assisted
enteroscopy for diagnosis and treatment of small-bowel disorders: European
Society of Gastrointestinal Endoscopy (ESGE) Clinical Guideline, Endoscopy 47 (4)
(Apr. 2015) 352-376, https://doi.org/10.1055/5-0034-1391855.

[6] G. Cummins, et al., Gastrointestinal diagnosis using non-white light imaging
capsule endoscopy, Nat. Rev. Gastroenterol. Hepatol. 16 (7) (Jul. 2019) 429-447,
https://doi.org/10.1038/541575-019-0140-z.

[7] S.H. Kim, H.J. Chun, Capsule endoscopy: pitfalls and approaches to overcome,
Diagnostics 11 (10) (Sep. 2021) 1765, https://doi.org/10.3390/
diagnostics11101765.

[8] B.Sun,J. Liu, S. Li, J.F. Lovell, Y. Zhang, Imaging of gastrointestinal tract ailments,
J. Imaging 9 (6) (Jun. 2023) 115, https://doi.org/10.3390/jimaging9060115.

[9] J.H. Lee, G. Traverso, D. Ibarra-Zarate, D.S. Boning, B.W. Anthony, Ex vivo and in
vivo imaging study of ultrasound capsule endoscopy (no), J. Med. Devices 14 (Mar.
2020) 021005, https://doi.org/10.1115/1.4046352.

[10] H.S.Lay, etal., Progress towards a multi-modal capsule endoscopy device featuring
microultrasound imaging, 2016 IEEE Int. Ultrason. Symp (IUS) (Sep. 2016) 1-4,
https://doi.org/10.1109/ULTSYM.2016.7728692.

[11] L. Lin, et al., High-speed three-dimensional photoacoustic computed tomography
for preclinical research and clinical translation, Art. no. 1, Nat. Commun. 12 (1)
(2021). Art. no. 1.

[12] S. Na, et al., Massively parallel functional photoacoustic computed tomography of
the human brain, Nat. Biomed. Eng. 6 (5) (May 2022) 584-592, https://doi.org/
10.1038/s41551-021-00735-8.

[13] K. Huang, et al., High-speed photoacoustic and ultrasonic computed tomography of
the breast tumor for early diagnosis with enhanced accuracy, Sci. Adv. 11 (41)
(Oct. 2025) eadz2046, https://doi.org/10.1126/sciadv.adz2046.

[14] L.V. Wang, H. Wu, Biomedical optics: principles and imaging, John Wiley & Sons,
2012.

[15] R. Ansari, E.Z. Zhang, A.E. Desjardins, P.C. Beard, All-optical forward-viewing
photoacoustic probe for high-resolution 3D endoscopy, Light. Sci. Appl. 7 (1) (Oct.
2018) 75, https://doi.org/10.1038/s41377-018-0070-5.

Photoacoustics 50 (2026) 100844

[16] H. He, et al., Capsule optoacoustic endoscopy for esophageal imaging,

J. Biophotonics 12 (10) (2019) 201800439, https://doi.org/10.1002/
jbi0.201800439.

[17] D.C. Garrett, J. Xu, D. Oh, Y. Aborahama, G. Ku, K. Maslov, W.W. Tseng, L.

V. Wang, Whole cross-sectional human ultrasound tomography, Nature Biomed.
Eng. (2026), https://doi.org/10.1038/5s41551-026-01660-4.

[18] L.L.Zwinger, et al., CapsoCam SV-1 Versus PillCam SB 3 in the detection of obscure
gastrointestinal bleeding: results of a prospective randomized comparative
multicenter study, J. Clin. Gastroenterol. 53 (3) (Mar. 2019) e101, https://doi.org/
10.1097/MCG.0000000000000994.

[19] C.-C. Su, et al., Capsule endoscopy: current trends, technological advancements,
and future perspectives in gastrointestinal diagnostics, Bioengineering 12 (6) (Jun.
2025) 613, https://doi.org/10.3390/bioengineering12060613.

[20] D.K. Cai, A. Neyer, R. Kuckuk, H.M. Heise, Optical absorption in transparent PDMS
materials applied for multimode waveguides fabrication, Opt. Mater. 30 (7) (Mar.
2008) 1157-1161, https://doi.org/10.1016/j.0ptmat.2007.05.041.

[21] G. Xu, Acoustic characterization of polydimethylsiloxane for microscale
acoustofluidics, Phys. Rev. Appl. 13 (5) (2020), https://doi.org/10.1103/
PhysRevApplied.13.054069.

[22] N.K. Mandsberg, J.F. Christfort, K. Kamguyan, A. Boisen, S.K. Srivastava, Orally
ingestible medical devices for gut engineering, Adv. Drug. Deliv. Rev. 165-166
(Jan. 2020) 142-154, https://doi.org/10.1016/j.addr.2020.05.004.

[23] A. Ibrahim, M. Meng, M. Kiani, A comprehensive comparative study on inductive
and ultrasonic wireless power transmission to biomedical implants, IEEE Sens. J.
18 (9) (May 2018) 3813-3826, https://doi.org/10.1109/JSEN.2018.2812420.

[24] P. Nadeau, et al., Prolonged energy harvesting for ingestible devices, Nat. Biomed.
Eng. 1 (3) (Feb. 2017) 0022, https://doi.org/10.1038/541551-016-0022.

[25] S.-Y. Yang, et al., Powering implantable and ingestible electronics, Adv. Funct.
Mater. 31 (44) (2021) 2009289, https://doi.org/10.1002/adfm.202009289.

[26] K. Moller, et al., Gastrointestinal ultrasound: measurements and normal findings -
what do you need to know? Dig. Dis. Basel Switz. 43 (3) (2025) 300-335, https://
doi.org/10.1159/000544043.

[27] J. Albert, C.-M. Gobel, J. Lesske, E. Lotterer, H. Nietsch, W.E. Fleig, Simethicone for
small bowel preparation for capsule endoscopy: a systematic, single-blinded,
controlled study, Gastrointest. Endosc. 59 (4) (Apr. 2004) 487-491, https://doi.
org/10.1016/s0016-5107(04)00003-3.

[28] M. Monge, A. Lee-Gosselin, M.G. Shapiro, A. Emami, Localization of microscale
devices in vivo using addressable transmitters operated as magnetic spins, Nat.
Biomed. Eng. 1 (9) (Sep. 2017) 736-744, https://doi.org/10.1038/s41551-017-
0129-2.

[29] S. Sharma, et al., Location-aware ingestible microdevices for wireless monitoring of
gastrointestinal dynamics, Nat. Electron. 6 (3) (Mar. 2023) 242-256, https://doi.
org/10.1038/541928-023-00916-0.

[30] J. Hummel, et al., Evaluation of a new electromagnetic tracking system using a
standardized assessment protocol, Phys. Med. Biol. 51 (10) (Apr. 2006) N205,
https://doi.org/10.1088/0031-9155/51/10/N0O1.

[31] C. Wang, et al., Monitoring of the central blood pressure waveform via a conformal
ultrasonic device, Nat. Biomed. Eng. 2 (9) (Sep. 2018) 687-695, https://doi.org/
10.1038/541551-018-0287-x.

[32] A. Koulaouzidis, K.J. Dabos, Looking forwards: not necessarily the best in capsule
endoscopy? Ann. Gastroenterol. Q. Publ. Hell. Soc. Gastroenterol. 26 (4) (2013)
365-367.

[33] L.V. Wang, Q. Shen, Sonoluminescent tomography of strongly scattering media,
Opt. Lett. 23 (7) (Apr. 1998) 561-563, https://doi.org/10.1364/0L.23.000561.

[34] Q. Shen, L.V. Wang, Two-dimensional imaging of dense tissue-simulating turbid
media by use of sonoluminescence, Appl. Opt. 38 (1) (Jan. 1999) 246-252, https://
doi.org/10.1364/A0.38.000246.

[35] A. Khaleghi, A. Hasanvand, I. Balasingham, Radio frequency backscatter
communication for high data rate deep implants, IEEE Trans. Microw. Theory
Tech. 67 (3) (Mar. 2019) 1093-1106, https://doi.org/10.1109/
TMTT.2018.2886844.

[36] F. Alrashdan, et al., Robust magnetoelectric backscatter communication system for
bioelectronic implants, rs.3.rs-5463005, Res. Sq. (Dec. 2024), https://doi.org/
10.21203/r5.3.r5-5463005/v1.

[37] K. Uchino, Essentials Of Piezoelectric Energy Harvesting, World Scientific, 2021.

[38] R. Krimholtz, D.A. Leedom, G.L. Matthaei, New equivalent circuits for elementary
piezoelectric transducers, Electron. Lett. 6 (13) (Jun. 1970) 398-399, https://doi.
0rg/10.1049/el:19700280.

7 David C. Garrett completed his PhD in the Caltech Optical
- Imaging Laboratory at California Institute of Technology,

~ Pasadena, CA, USA. He received his B.S. and his M.Sc. in
electrical engineering at the University of Calgary, Canada, in
2016 and 2018, respectively. His research focuses on devel-
oping human-scale ultrasound, thermoacoustic, and photo-
acoustic imaging systems.



https://doi.org/10.1016/j.pacs.2026.100844
https://doi.org/10.1038/35013140
https://doi.org/10.1007/s00535-007-2153-6
https://doi.org/10.1007/s00535-007-2153-6
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref3
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref3
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref3
https://doi.org/10.1016/j.gie.2009.09.031
https://doi.org/10.1055/s-0034-1391855
https://doi.org/10.1038/s41575-019-0140-z
https://doi.org/10.3390/diagnostics11101765
https://doi.org/10.3390/diagnostics11101765
https://doi.org/10.3390/jimaging9060115
https://doi.org/10.1115/1.4046352
https://doi.org/10.1109/ULTSYM.2016.7728692
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref11
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref11
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref11
https://doi.org/10.1038/s41551-021-00735-8
https://doi.org/10.1038/s41551-021-00735-8
https://doi.org/10.1126/sciadv.adz2046
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref14
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref14
https://doi.org/10.1038/s41377-018-0070-5
https://doi.org/10.1002/jbio.201800439
https://doi.org/10.1002/jbio.201800439
https://doi.org/10.1038/s41551-026-01660-4
https://doi.org/10.1097/MCG.0000000000000994
https://doi.org/10.1097/MCG.0000000000000994
https://doi.org/10.3390/bioengineering12060613
https://doi.org/10.1016/j.optmat.2007.05.041
https://doi.org/10.1103/PhysRevApplied.13.054069
https://doi.org/10.1103/PhysRevApplied.13.054069
https://doi.org/10.1016/j.addr.2020.05.004
https://doi.org/10.1109/JSEN.2018.2812420
https://doi.org/10.1038/s41551-016-0022
https://doi.org/10.1002/adfm.202009289
https://doi.org/10.1159/000544043
https://doi.org/10.1159/000544043
https://doi.org/10.1016/s0016-5107(04)00003-3
https://doi.org/10.1016/s0016-5107(04)00003-3
https://doi.org/10.1038/s41551-017-0129-2
https://doi.org/10.1038/s41551-017-0129-2
https://doi.org/10.1038/s41928-023-00916-0
https://doi.org/10.1038/s41928-023-00916-0
https://doi.org/10.1088/0031-9155/51/10/N01
https://doi.org/10.1038/s41551-018-0287-x
https://doi.org/10.1038/s41551-018-0287-x
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref32
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref32
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref32
https://doi.org/10.1364/OL.23.000561
https://doi.org/10.1364/AO.38.000246
https://doi.org/10.1364/AO.38.000246
https://doi.org/10.1109/TMTT.2018.2886844
https://doi.org/10.1109/TMTT.2018.2886844
https://doi.org/10.21203/rs.3.rs-5463005/v1
https://doi.org/10.21203/rs.3.rs-5463005/v1
http://refhub.elsevier.com/S2213-5979(26)00050-9/sbref37
https://doi.org/10.1049/el:19700280
https://doi.org/10.1049/el:19700280

D.C. Garrett and L.V. Wang Photoacoustics 50 (2026) 100844

Lihong V. Wang is Bren Professor at Caltech. Published 629
journal articles (h-index = 169, citations = 122 K, #1 most
cited in optics). Published the first functional photoacoustic
CT, 3D photoacoustic microscopy, and light-speed compressed
ultrafast photography (the fastest camera). Served as Editor-in-
Chief of the Journal of Biomedical Optics. Received Goodman
Book Award; NIH Outstanding Investigator, NIH Director’s
Transformative Research, and NIH Director’s Pioneer Awards;
Optica Mees Medal and Feld Award; IEEE Technical Achieve-
ment and Biomedical Engineering Awards; SPIE Chance
Award; IPPA Senior Prize; honorary doctorate from Lund
University, Sweden. Inducted into the National Academies of
Engineering and Medicine.




	An ingestible light source for deep photoacoustic imaging
	1 Introduction
	2 Results
	2.1 Optical excitation module
	2.2 Acoustic power transfer
	2.3 Wireless triggering
	2.4 Wireless photoacoustic imaging

	3 Discussion
	4 Materials and methods
	4.1 Acoustic receiver design
	4.2 Acoustic power transfer efficiency
	4.3 Device construction

	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supporting information
	Data availability
	References


