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Fig. 1. Dynamics behavior and frequency response of microbubbles under linear and nonlinear ultrasound fields: (a) Linear and non-
linear ultrasonic waveforms under the same positive pressure; (b), (¢) comparison of bubble dynamics behaviors; (d) oscillation fre-
quency response of the microbubble radius change, the blue lines represent the driving sound pressure as the nonlinear ultrasound

field simulated by the KZK equation, and the red lines represent the linear ultrasound field.
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Fig. 2. (a), (b), (e) Differences in the kinetic behavior and frequency response of microbubbles in nonlinear ultrasound at different

acoustic pressures; (c), (d), (f) differences in microbubble kinetic behavior and frequency response of microbubbles in nonlinear ul-
trasound at different frequencies.
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Fig. 3. Effects of different coating materials on bubble dynamic behavior and frequency response of encapsulated microbubbles:

(a), (b) Initial surface tension of encapsulated microbubbles; (c), (d) viscosity parameters of encapsulated microbubbles.
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Fig. 4. Effects of bubble shell on bubble dynamics and frequency response in the nonlinear ultrasound field: (a), (c¢), (e) Color bar of

is the change of radius; (b), (d), (f) color bar is the change of C.
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Fig. 5. Actual measured values are compared with the KZK simulation: (a) Actual measurement and KZK equation simulation

waveform diagram under the same positive pressure; (b), (¢) comparison of the dynamic behavior of microbubbles; (d) oscillation

frequency response of the microbubble radius change.
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Abstract

Bubble dynamic behavior and frequency response of encapsulated microbubbles in nonlinear acoustic field
is significant in applications such as tumor therapy, thrombolysis, tissue destruction, and ultrasonic lithotripsy.
The acoustic cavitation effect includes stable cavitation and transient cavitation. The transformation from
stable cavitation to transient cavitation requires a certain threshold, which is also called the transient cavitation
threshold. Phospholipid-coated microbubbles are commonly used to enhance acoustic cavitation. However, the
acoustic effects of different coating materials are not very clear, especially when considering the nonlinear effects
caused by diffraction, scattering, and reflection during ultrasonic propagation. In this paper, the bubble
dynamic behaviors and frequency responses of microbubbles under different frequencies, acoustic pressures, and
viscoelastic properties of different shell materials are analyzed by coupling the Gilmore-Akulichev-Zener model
with the nonlinear model of a lipid envelope and using the KZK equation to simulate the nonlinear acoustic
field. At the same time, the influence of the coated material and nonlinear acoustic effects are considered. The
bubble dynamic behavior and frequency response under the actually measured sound field are compared with
those simulated by the KZK equation. The results show that the nonlinearity will lead the velocity of the
microbubble wall to decrease, and when the pressure of ultrasound increases, the main frequency component of
the microbubble oscillation increases, making the radial motion of the microbubble more violent. When the
frequency changes, the closer the oscillation frequency of the microbubble is to the resonant frequency, the
stronger the radial motion of the microbubble is. The coating material can change the harmonic component in
the oscillation frequency. When the harmonic is close to the resonance frequency, the radial motion of the
microbubble is enhanced. The elasticity of the coated material has almost no effect on the microbubble's
frequency response, and the initial viscosity and surface tension of encapsulated microbubble will change the
oscillation frequency distribution of encapsulated microbubble. When the initial viscosity of the coated
microbubble is smaller, the subharmonic component of the microbubble oscillation increases. When the
frequency of the subharmonic is closer to the resonance frequency than the main frequency, the acoustic
cavitation effect is significantly enhanced. On the other hand, when the initial surface tension of the
encapsulated microbubble increases, the main frequency and subharmonic component of the microbubble
oscillation are enhanced, so that the acoustic cavitation effect is also enhanced. Therefore, this study can further
elucidate the bubble dynamics of encapsulated microbubbles, stimulated by nonlinear ultrasound, benefiting the

frequency response analysis of coated microbubbles under nonlinear acoustic fields.
Keywords: bubble dynamics, nonlinear acoustic field, encapsulated microbubble, frequency response

PACS: 47.55.dd, 43.25.+y, 47.27.er DOI: 10.7498/aps.73.20231898

* Project supported by the National Natural Science Foundation of China (Grant No. 12104049).

1 Corresponding author. E-mail: yantianyi@bit.edu.cn

074701-8


http://doi.org/10.7498/aps.73.20231898
mailto:yantianyi@bit.edu.cn
mailto:yantianyi@bit.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

IRt 35 RSN /1 F 55 R W BT
ERA RAHE ERT Ak AXH

Dynamics and frequency response analysis of encapsulated microbubble under nonlinear ultrasound

Suo Ding-die  Ji Zhen-Xiang  Huang Xiao-Yun  Jin Jie  Yan Tian-Yi

5 Fi{# B Citation: Acta Physica Sinica, 73, 074701 (2024) DOI: 10.7498/aps.73.20231898
TEZE RT3 View online: https:/doi.org/10.7498/aps.73.20231898
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

AN AR 23 sl 127 KO 223805 73 H
Acoustic cavitation of encapsulated microbubble and its mechanical effect in soft tissue

WIBEAEA. 2021, 70(15): 154701 https://doi.org/10.7498/aps.70.20210194

A BRIAE AR RO A -7 S5 R T R 3T

Vibrational behavior of coated microbubble in finite tube under magneto—acoustic composite field

WIFRE47. 2021, 70(21): 214303 https://doi.org/10.7498/aps.70.20210559

Z SR RGN RO AR P PR sh s
Nonlinear acoustic characteristics of multilayer magnetic microbubbles

PyFEEEAR. 2021, 70(1): 014301 https:/doi.org/10.7498/aps.70.20200973

AR T R G ARLAE S W B A

Nonlinear acoustic response of two bubble oscillators

PFEEEAR. 2019, 68(14): 144302 hitps:/doi.ore/10.7498/aps.68.20190408

TG 5 790 H BB 7 I O [ 158 A5 o0 L JE B HILBRBIE S

Mechanism of contrast—enhancement in ultrasound—modulated laser feedback imaging with ultrasonicmicrobubble contrast agent

YIBR2A4R. 2019, 68(21): 214304 hitps:/doi.org/10.7498/aps.68.20190770

— 3 o AR SR AR AR LA AR i [ R AR B O T

A method of determining microwave dissipation of Josephson junctions with non-linear frequency response

YrHE2E4R. 2019, 68(11): 118501  https://doi.org/10.7498/aps.68.20190167


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20231898
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20210194
https://doi.org/10.7498/aps.70.20210559
https://doi.org/10.7498/aps.70.20200973
https://doi.org/10.7498/aps.68.20190408
https://doi.org/10.7498/aps.68.20190770
https://doi.org/10.7498/aps.68.20190167

	1 引　言
	2 理论模型
	2.1 GAZ模型
	2.2 包膜的非线性黏弹模型
	2.3 驱动声压和数值条件

	3 仿真结果分析与讨论
	3.1 非线性超声的响应
	3.2 脂质包膜参数影响
	3.3 声场测量结果与KZK方程仿真对比

	4 总　结
	参考文献

