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Table 1 Summary of different types of laser-generated ultrasound transducers

Material Pulsed width of laser Thickness Center frequency Bandwidth Reference
Au 100 fs 15 nm 4.8-9.0 GHz - [88]
Au 1.4 ns 250 nm 65.1 MHz 108.8 MHz [66]
CNT-PDMS 6 ns ~800 nm [61]
MWCNTs-PDMS 2 ns ~20 um ~ 28.5 MHz 39.8 MHz [80]
MAPbLL-PDMS 6 ns ~5 pm ~ 29.2 MHz 40.8 MHz [72]
CB-PDMS 8 ns 2.7 pm 15 MHz 30 MHz [75]
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@ ML3: Parylene

ML2: Silver & epoxy

MLL: Aluminum alloy

Crystal: PMN-PT
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Fig. 1 Typical structures of piezoelectric ultrasonic transducers and different kinds of laser-generated ultrasound transducers. (a) Typical

structure of piezoelectric ultrasonic transducer;

(b) laser-generated ultrasound transducer based on fiber with scale bar of

50 um™”; (c) structural diagram of omnidirectional laser-generated ultrasound transducer’"”; (d) omni-directional laser-generated

ultrasound transducers used to generate omni-directional ultrasound™"”’
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Fig. 3

Influence of thickness of laser-generated ultrasound transducer on laser-generated ultrasound pulse™. (a) Schematics of laser

acting on laser-generated ultrasound transducers with different thicknesses; (b) schematics of determining laser-generated

ultrasound pulses of laser-generated ultrasound transducers with different thickness by convolution integral
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Fig.4 Time domain and frequency domain information under different laser pulse widths and material thicknesses. (a) Schematic of

laser-generated ultrasound system"'”; (b) frequency domain distribution of 10 pm diameter black microsphere under excitation

with different laser pulse durations""”; (c) time domain distribution of laser-generated ultrasound™”; (d) reconstructed image of

10 pm diameter microsphere obtained by laser-generated ultrasound method""”; (e) sound pressures and spectra of samples with

different deposition time (10, 30, 120 s) obtained under low laser energy input™™’

FT I T L D' BORE P R A 05 9k O bk vh v
AR HHAER R AR EEFES A K. 5
N BT AR BF 5 H AR, 28 £ 45 18 19 ' 208 75 46 e
28, O A AR TR B AN AR o3 B R W
R B A R LUR T A0 oK R A 42 s J= AR
JCECH S R A, 8 78 ik S RO iZ & R R
G SR B 358 08 G A TR B A3 B A A e BESRAEL X
BB S B R 0 R B, B W B A RS G K vh O

BE A i 5L -SR-S WA BHE R GBS Al TR .
33 AN

SO 75 e RE A% 5 A% 40 B T R F R RE A R R 6 g
WEAARFEBF A S R TFAT A AR A KN
gy, oA R R IR XY AT B RO 22 /N T R 7R R
A /INTE B AR T A R — A B — e RE AR
A4 BB A% FH DAY 8 S 0 RS RT DAL HR e e 4 AT 5T
iffi 2 o

2107105-6



% 50% £ 21 #1/2023 £ 11 B/ E#*x

TERE T R MR M e g v, TR IR e i
AL SRS R 30 7 ] Ry AR AR T ) 7 A R 7 A g )
PERAF A T A0 K R A O BORE 7 e 58 4
PR JE TR R OR 8 75 R B A 0 O R T AR AR O
A B R A 1) MR AT

TECEOR P e B 2% b, 48 K RUBE B ' W i 14 % 4
AR 25 T R B A BT (I IR AR ) o A ik AR 2 4 ) 4
W, ARG A K. R R
Tang Al BAF] Ff COMSOL Multiphysics 3k {4 #5481 T 9F
RAOCHEOR S B BE AR 75 0 A0, E AN R R R Uk

BN LR L B RE S T A2 5 mm, A Ky 50 pm, H:
H AR AR 290 12.5 mm; 76 FE I LN 8 75 I8 o )38 3
AOEFEARAR B e BE 4% 10 R H (5 mm) 5 7EFE IR 2 41,
Wil 5 A B S Y B n, RE oR  AR A B Ok B 5, an
F5(a) firm'™ . F EAR B 224 BE AY Colchester %51
BT VFHGCHBE GRS 0 fMm, mAHN
0.6 mm X 0.75 mm Y6 E0E 75 4 BB 7% & e R
20 MHz . # %% 2 31.3 MHz B9 48 75 , 3 4 J11 7K W7 25 i)
BT Ao A, 45 WoR 5 S R R HUE N 137,
L 5(h) B .

(2) Simulation acoustic pressure field (Pa) © ®) -
- ' ] x107
- - |
= -1
[ —
- S —
— ;:
— -~ | Ros
| —
: 0
| =
= o
= 05 @ © .
- ,/ Working 60 40 200
Z distance 20
e
1 Z (2 mm)
w7 -1
Z
- A 1 m us . a
i ‘/ Laser pulse Il Candle soot
- e PDMS 3

40 5 0 5
r coordinate (mm)

IS RS e RE RS 10 R 3 20 A1 o (a) D BLAS 3 (9 1 TR 75 7 2 AR 3 40 A5 (b) S S0 W 75 4 51 1T 75 7 2R A 75 3 o0 A5 (o B
B R 7 A 7 A0 A 5 () AR R T R R R A R B 5 () i R A 7 b A A

Fig. 5 Distribution of sound field of laser-generated ultrasound transducer. (a) Simulated sound field distribution generated by planar

ultrasound”; (b) experimental sound field distribution generated by planar ultrasound™”; (c) simulated sound field distribution

generated by focusing ultrasound"™"’; (d) schematic of focusing ultrasonic transducer generation””; (e) sound field distribution of

omnidirectional ultrasound'
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Fig. 6 Transcranial stimulation in vitro by OFUS"". (a) Schematic of transcranial stimulation in witro; (b) representative images of

neurons before and after transcranial stimulation with scale bar of 50 pm; (c) averaged calcium response trace of transcranial

OFUS stimulation; (d) statistics of threshold pressure of direct and transcranial stimulation in single cycle
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Fig. 7 Imaging by ultra-wide bandwidth AO-TVUS"™. (a) Imaging diagram of vessel wall by AO-TVUS; (b) power spectrum of AO-

IVUS catheter ultrasound response; (¢) 2D cross-sectional image acquired by AO-IVUS; (d) 3D ultrasound data of arterial wall
by rotation-pullback scan with AO-IVUS
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Fig. 8 Micro-scale fragmentation of solid materials by LGFU"". (a) Model of kidney stone with scale bar of 4 mm; (b) single micro-

hole on polymer film produced by single LGFU pulse with scale bar of 20 pm; (c)(d) high-speed microscopic images of

fragmentation process on polymer-coated glass substrate
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Fig. 9 Targeted cell removal by LGFU with scale bar of 520 mm"”. (a) Cultured ovarian cancer cells (SKOV3) before ultrasound

exposure; (b) selective removal of single cell after LGFU exposure; (c¢) cellular interconnection is severed when LGFU spot is

moved to black dot region
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Fig. 10 Locating and removal of tumor using FOG and AR
system™". (a) Principle diagram; (b) photograph of
compact integrated system on cart; (c) visualization of

FOG tip in breast of human sample
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Fig. 11 Fiber optoacoustic guide for tumor localization with sub-millimeter accuracy'". (a) Photographs of fiber optoacoustic guide,

zinc oxide nanoparticles, and epoxy; (b) signal-to-noise ratio of generated optoacoustic signal from FOG tip at different angles;
(c) representative optoacoustic signal waveform recorded at 8 cm away from FOG tip in forward direction; (d) frequency
spectrum of representative optoacoustic signal waveform after normalization of detector response; (e) signal-to-noise ratio of

generated optoacoustic signal after passing chicken breast tissues with different thicknesses
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Fig. 12 Shadowgraph images at air-water interface with scale bar of 100 pm"*"". (a) Water micro-jets; (b) bubbles
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Abstract

Significance Biomedical ultrasound imaging has been widely used as an imaging technology based on ultrasound signals for
viewing the internal structure of the body and finding the source of diseases. In recent decades, owing to the development of ultrasonic
transducers, ultrasound imaging has made significant progress in obtaining important diagnostic information using rapid and
noninvasive methods. Traditional transducers are excited by electricity and take advantage of the piezoelectric effect to achieve a
transformation between electricity and ultrasound. However, considering the demanding requirements of application environments,
the primary restriction is the limited bandwidth of traditional transducers.

Laser-generated ultrasound, a novel technology based on photoacoustic effect, is excited by a laser instead of electricity.
Ultrasound pulses are generated by the absorption of a short-pulse laser, thus leading to elastic thermal expansion caused by the
transient temperature increase. In this process, the time-varying laser acts as the only excitation source. The upper limits of the energy
and frequency of the ultrasound are restricted by the laser. Compared with piezoelectric transducers, the ultrasound generated by laser-
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generated ultrasound transducers has the characteristics of high frequency and large bandwidth, which are necessary for sensing and
imaging.

With the breakthrough of laser-generated ultrasound transducers in the structural simplification and excitation of large-bandwidth
ultrasound, laser-generated ultrasound technology has been gradually applied in various fields where traditional piezoelectric
ultrasound methods cannot be applied, essentially providing a novel idea for high-precision and high-resolution biomedical applications.

Progress The amplitude of ultrasound produced by laser-generated ultrasound technology is related to various characteristics, such
as laser energy, transducer absorbance, thermal expansion coefficient, and shape. Moderately high-energy laser, highly absorbing
nano-scale light absorbers, and expanders with high thermal expansion coefficients positively affect the ultrasound amplitude
generated by laser-generated ultrasound transducers. Meanwhile, the ultrasound frequency domain generated by photoconductive
ultrasound technology is related to parameters such as the excitation light pulse width, transducer material, and transducer thickness
(Figs. 2-4). For example, under test conditions in which the imaging depth is small but the imaging resolution is very high, an ultra-
narrow pulse width laser with a nanoscale metal layer can be used as an optical ultrasound transducer (Table 1 and Fig. 2). If the test
environment has high requirements for imaging depth and imaging speed but low requirements for imaging resolution, a common
nanosecond transducer is suitable. If the test environment has high requirements for imaging depth and speed and low requirements
for resolution imaging, a common nanosecond-pulsed laser with the carbon-based polymer material is suitable as a solution for
ultrasound.

Moreover, the less complicated structure of the laser-generated ultrasound transducer promises a large amplitude of the
ultrasound at the focal point, with a self-focusing effect when using a concave transducer (Figs. 1 and 5). Furthermore, the ultrasound
generated by a laser-generated ultrasound transducer has a high frequency and large bandwidth, thereby contributing to a smaller
sound field at the focal point (Fig. 6).

Conclusions and Prospects This study summarizes the mechanism of action, transducer system, performance characterization,
and application areas of phototransduction ultrasound technology, as well as the applications of concave transducers in neural
stimulation, ultrasonic cavitation, and ultrasound imaging, and describes the advantages and disadvantages of piezoelectric-based and
photoacoustic effect-based transducers by comparing them with conventional ultrasound transducers. With the continuous development
of theoretical systems of laser-generated ultrasound and precision processing technology, the advancement of laser-generated

ultrasound technology has led to new opportunities for the development of biomedical ultrasound.

Key words bio-optics; photoacoustic effect; ultrasound; laser-generated ultrasound transducer; high-frequency ultrasound
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