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Fig. 1. Experimental setup schematic.

214302-2


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

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 21 (2025) 214302
1.5 (P
28.05 kHz
E
S 1ol
= 1.0
WEE
%
E 0.5
t T T T { 0 , e L—‘—
0 5 10 15 20 10 30 50 70 100
1) /ms $i7E /kHz

K2 #EESES

(a) PIEEL; (b) 55 R BE 3%

Fig. 2. Ultrasonic field signals: (a) Waveform diagram; (b) signal amplitude spectrum.
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Fig. 3. Sequential images of single bubble bouncing in the capillary tube.

S 8N 12 BB S BUR L T LA ILBE 1Y)
UG A3 T35 SRR SR I ST 1Y B SHR IX
5 (ROY), # ik RGB % K FE F sl 25 B {E 53 H $2 B
SHE R, RATF-Mis B A A WL F AP T ik
THBRAH/INUE 7S 5 R TR S P EBALIR, 5T 3% 3m 3
ST Y, SR R BB R Ak e S AR
[ 3 RS AR TR ORS g AR .

2.1 BEMBITA

Ao AR R A Y 3 SR R
P 3 Fias. M 3 RTLAE B fE I PE B A0 4E
I I s SR L B 2RI, B shEL
TR FE I AR RN SR T Ay, HAR RIS eV RE 1]
JE A R TR R AR AR ERIE IR S M A8 3
B IZIGIE T i S R R T AR
PEFER S8 RE R AR = R AR . X
SO EAE R 3 ] T SR IR G R, iR
FE T S HAT R (I AR

HRGRAEE T HVE R T IR 8h 112
e, B 4(a), (o) XFHAMHT TR BELM (0—
14 ms) FIATM (30—44 ms) 45 0T Bt f
W B2 A 1) B Sl g AL R . S B o, XS
B i) B3 P A M IR 3 i (B 3 AR e AR Y R P,
LSRR, 2B AR R AN 4 i A
BBt Bk, AR ) B i s = S B

RGP A AR, 3o psf ] RUBE 1) — SO I e
YT 2 B2 R NSOt R 5 A 2 AR A AT
HE

I 4(b), (d) ATl B A5 46 i 45 %
Mr. 253 B, 0—14 ms B BE NSRS £ 400
27.34 kHz, 30—44 ms I} Bty 27.27 kHz, %J0& A%
T 28.05 kHz HJ# 5 SRR, XRS5 50k
0.71 kHz 1 0.78 kHz. X—F R LW, BIRHIE
U EEAZ IR, (AR R ) FnAE RE 2 o
RN 2 S BECHARG IR IR, DI B 5w %
2& A RE M- ERERIFEAN DG, 78 30—44 ms B,
SR RE, ECHARS 52 BE 00 S 2
IR IR 23 BT R B, HR i i 0 A 75 8 5 i AT
JLFEIN (0—14 ms: 26.41—29.97 kHz; 30—44 ms:
25.48—29.34 kHz), H. 45 F M 52 IR ST FR 434
k. XA FEATH REPE R W ARG L B 2RI
gv, Hah 147 A2 RN 2 AR TTINERE . <
WISV E D TE SR T R AR 200040, A <
L AR DXk ) 45 e X ST RS, HL sl Fy 2 e
F R 8 A2 Ak

3 3 BT 57 5 K I o T JRE 1 I Sl v Ak T & 5
Jr7s. L 5 BT LLE H <00 sk ik A2 11 oz 2l B
A XF AT iR, 0—14 ms 5 30—44 ms P}
B RS 0 R R A A S B 2 A A A
P BARRI R o 07 M 2 B B Ui i AR 1k

214302-3


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

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 21 (2025) 214302

(b)
g 10r 27.34 kHz
Z
E a
5 =
B L
b 0.5
5
135+ T T T T T T 1 0 }h* e
0 2 4 6 8 10 12 14 0 10 50
t/ms ﬁ?/kHz
155
15 L@
g 27.27 kHz
~
g o 1.0
Z =
s E
B oosf
135+ T T T T T T 0 h‘ o
30 32 34 36 38 40 42 44 0 10 50
t/ms %F}Z/kHz

B4 AREBBHERETN  (a) 0—14 ms LARREAAL; (b) 0—14 ms FIEMT; (c) 30—44 ms HARBHAE K (d) 30—44 ms
B S A
Fig. 4. Oscillation behavior of single bubble at different time intervals: (a) Radius temporal variation during 0-14 ms; (b) spectral

analysis during 0-14 ms; (c) radius temporal variation during 30-44 ms; (d) spectral analysis during 3044 ms.
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Fig. 6. Sequential images of dual-bubble bouncing in the capillary tube.
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Fig. 7. (a), (¢) Temporal radius variations and (b), (d) spectral analysis of dual-bubble system.
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Bouncing behavior of microbubbles in rigid capillary tube’
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WANG Chenghuif MO Runyang?

(Institute of Shaanzi Key Laboratory of Ultrasonics, Shaanxzi Normal University, Xi’an 710062, China)

( Received 21 July 2025; revised manuscript received 8 September 2025 )

Abstract

This study systematically investigates the bouncing behavior and dynamics of microbubbles under
ultrasound excitation within a rigid capillary in order to offer quantitative insights into their oscillation
characteristics, migration trajectories, and phase modulation mechanisms for applications in microfluidics,
contrast-enhanced ultrasound imaging, and controlled drug delivery. A high-speed imaging system is employed
to track the motion of single-, double-, and triple-bubble systems in a viscoelastic medium inside a capillary
with a 0.5-mm inner diameter. Under a 28-kHz ultrasound field, bubble dynamics are captured at 100000 frames
per second. Image processing techniques, including dynamic threshold segmentation and morphological
operations, are employed to extract bubble contours and centroid trajectories. Spectral analysis via fast Fourier
transform (FFT) is performed to identify oscillation frequencies and modulation characteristics. Experimental
results show that a single bubble undergoes periodic lateral migration, with oscillation frequency slightly below
the driving frequency, and that sideband distribution in its spectrum is asymmetric. In the two-bubble system,
five different dynamic stages are identified: initial suppression, accelerated migration, interaction dominance,
position exchange, and a secondary approach to the wall. The bubbles oscillate at a common dominant
frequency of 27.32 kHz but maintain phase difference. Modulation sidebands of approximately 0.3 kHz are
observed, indicating nonlinear coupling. The three-bubble system exhibits more complex spatiotemporal
evolution, including sequential migration and transitions between triangular and mirror-symmetric
configurations. A notable sideband at 0.1 kHz suggests that multi-bubble synergy enhances nonlinear behavior.
The tube diameter and fluid viscosity are found to influence the bouncing period through added mass effects
and viscous energy dissipation, respectively. The period increases significantly with tube diameter decreasing,
and decreases with fluid viscosity lessening. Theoretical modeling incorporates the mirror bubble effect into the
coupled Keller-Miksis equations to account for wall confinement, thus successfully simulating the oscillation and
translation of confined microbubbles. Numerical analysis further indicates that inter-bubble distance, wall
proximity, and medium viscosity modulate the dynamic behavior of the system. Specifically, the bubble
resonance frequency is regulated by inter-bubble distance and wall confinement. The two-bubble system exhibits
both in-phase and out-of-phase modes, with the latter being more sensitive to distance variation. Near the wall,
the oscillation frequency decreases, and the phase difference attenuation accelerates. Increasing medium
viscosity will weaken the phase coupling between bubbles, an effect which is particularly evident for smaller
bubbles. This study not only enhances the understanding of multi-bubble synergistic effects in confined spaces
but also provides a theoretical foundation and technical reference for optimizing ultrasound contrast agents,
designing microfluidic devices, and developing targeted therapies in biomedicine.

Keywords: microbubbles, bouncing behavior, wall confinement, multibubble interaction
PACS: 43.35.4+d, 43.25.4+y, 47.55.dp DOI: 10.7498/aps.74.20250968

CSTR: 32037.14.aps.74.20250968

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12074238, 12374441), the Fundamental
Research Funds for the Central Universities of Education of China (Grant No. GK202406034), and the Natural Science Basic
Research Plan of Shaanxi Province, China (Grant No. 2025JC-YBQN-066).

1 Corresponding author. E-mail: wangld001@snnu.edu.cn

1 Corresponding author. E-mail: mmrryycn@snnu.edu.cn

214302-14


http://doi.org/10.7498/aps.74.20250968
https://cstr.cn/32037.14.aps.74.20250968
mailto:wangld001@snnu.edu.cn
mailto:wangld001@snnu.edu.cn
mailto:mmrryycn@snnu.edu.cn
mailto:mmrryycn@snnu.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

RIYEE4E AT SIRSRBET A
FHde XNIEFH LAEE XEBE OEARa EiEM

Bouncing behavior of microbubbles in rigid capillary tube

LI Xiuru  LIUYalu MAJiayu WU Yuting WANG Chenghui MO Runyang
5| {5 B, Citation: Acta Physica Sinica, 74, 214302 (2025) DOI: 10.7498/aps.74.20250968
CSTR: 32037.14.aps.74.20250968

TELR T2 View online: https://doi.org/10.7498/aps.74.20250968

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

BT YOBBINE R Me VT ORI 2 5 &

Production and measurement of MeV proton microbeams in atmospheric environment based on glass capillary

YyFEEEAR. 2024, 73(10): 104101 https:/doi.org/10.7498/aps.73.20240301

A BRAE WAL RO A G- S S T BRsh T

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

YrE2E 4. 2021, 70(21): 214303 https://doi.org/10.7498/aps.70.20210559

P PR ) 2 O] S 2 I P R o 58 AR ) i L R P R S )

Influence of cavity configuration parameters on discharge characteristics of capillary discharge based pulsed plasma thruster

YrHE2E 4. 2021, 70(23): 235204 hitps://doi.org/10.7498/aps.70.20211198

R N XS TERES A IR TN
Oscillation behavior of bubble pair in magnetic fluid tube under magneto—acoustic complex field

YIBR2A 4. 2022, 71(8): 084302  https://doi.org/10.7498/aps.71.20212150

Z SR R PG R AR LM P IR sl
Nonlinear acoustic characteristics of multilayer magnetic microbubbles

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

Y R Rl T AL AR RS PRI A T N RIS

Numerical study of asymmetric breakup hehavior of bubbles in Y-shaped branching microchannels

Y2, 2022, 71(2): 024701 https://doi.org/10.7498/aps.71.20210832


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250968
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240301
https://doi.org/10.7498/aps.73.20240301
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210559
https://doi.org/10.7498/aps.70.20210559
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20211198
https://doi.org/10.7498/aps.70.20211198
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20212150
https://doi.org/10.7498/aps.71.20212150
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20200973
https://doi.org/10.7498/aps.70.20200973
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20210832
https://doi.org/10.7498/aps.71.20210832

	1 引　言
	2 刚性管内气泡弹跳行为的实验观察
	2.1 单泡弹跳行为
	2.2 双泡弹跳行为
	2.3 三泡弹跳行为
	2.4 弹跳周期的影响因素

	3 理论模型
	3.1 气泡动力学方程
	3.2 系统非线性共振频率
	3.3 系统非线性声响应

	4 数值分析
	4.1 泡间距的影响
	4.2 管壁约束
	4.3 介质黏性影响

	5 结　论
	参考文献

