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Fig. 1. Schematic diagram of ultrasound cavitation model

Thrombus wall

near thrombus.
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Table 1.  Parameter values used in simulation.

2R ZHE
Z%ET] po /Pa 101325
MEHE po /(kgm?) 1059
MEFEEE  /(Pass) 0.005
MR R Ko /GPa 2.5
ML FEFEEL n 7.15
MR AR RE o /(N-m?) 0.072
AFEHR B 5 0.03
SARFEE pg /(Pass) 1.34 x 1073
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Fig. 2. Comparison between numerical solution of bubble

radius and experimental data.
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Fig. 3. Evolution pressure cloud map of cavitation bubbles near thrombus under ultrasound (black solid line represents bubble con-
tour): (a) t = 17.9 ps; (b) ¢ = 38.2 ps; (c) ¢t = 39.3 ps; (d) t = 40.7 ps.

144303-4


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 14 (2025)

144303

232 FEIAFRFFHAKBRBRMN

1) BB SH (P IRIE Py, B f) 5200

& 4(a) FIRNIEE f= 20 kHz, m=1 g, Ry =
40 pm, v = LA H T, A RIME Py, = 140—
260 kPa FPEETTHLC R RIS T DA Bl Py HEK,
S ohil BAAEHE B 0.856 T AT 0.762T (T R
M JE ), K ST {E M 3.3 MPa 3 & 7.8 MPa,
IR T 136.4%. BEIG I R T im P i 4 ol <ot
AE I WA 5 R it I BE PR, DT 2 A 2 R0

(a) —— 140 kPa
8r —— 160 kPa
—— 180 kPa
—— 200 kPa
—— 220 kPa
—— 240 kPa

P/MPa
S~

P/MPa

30 40 50 60 70
t/T

P4 (a) 7 R RS BE I o o (99 S 0T (b) 8 P 0 256 ) BE

T i 19 5 1)

Fig. 4. (a) Influence of ultrasonic amplitude on wall impact;

(b) influence of ultrasonic frequency on wall impact.
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Fig. 5. (a) Influence of thrombus quality on wall impact;

(b) influence of close wall distance on wall impact; (c) influ-

ence of initial bubble radius on wall impact.

K 5(b) M [# & f= 20 kHz, Py = 220 kPa,
m=1g, Ry=40 pm 10 F, TEMNEEYy =1.2—
2.0 705 Bl PN BE T HO0 R S s TR D AR B Y B R,

144303-5


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 14 (2025)

144303

SH b BA A B 0.786 T HERTZE 0.782T, [/
WE(E M 7.0 MPa [& % 5.6 MPa, F&{% 20.0%. X IH
T U B o 1 P g A T e D

K 5(c) M &% f= 20 kHz, Py, = 220 kPa,
m=1g,v=141H0T, EWLHFE Ry = 30—
90 pm B BE A HL0 ) SR R, BEE R, M3
K, S o B IA WA B 0.728 T SEIR % 1.008 7,
JEJIEME M 6.6 MPa Ji & 2.6 MPa, &K T 60.6%.
ZILG AR F K16 A2 S A B IR By B B
KARFN, SEURARI IR RE K, 15523 (e

ZE LTk, FERTBU S EGRE T, S ehds
58 T S B AU BN INHEY - B P IR
FEPE AT SRR L AR T | o A B

3 H B A B £ S

25 O

SR U R INE L W U L L Py REWA ] D =M )| A
AT b e DX, AR PA A R T 4
I Fe R R ARk 22 BRIV R Bz 1) SR
A ] B A EL A P 2 4 5ik BE 1 vt R 45 A
Y I 234300 H E AT DFE A S TE TR RS S
SN FIVBE T 1 7 )R SR AB0NE T AL A 17 7 SRARECR
IR T LR R AR R . T L2200 T A A P
HLIRI B )~ R 000, WIFFE B S BERMER P 25
e LA i 7 P SR DA R AL

3.1 MigshiSAEsE

ARICEEEHIPE Ogden #7555 594 Prony
GUEERAE IR BTG B AL 55 0 1485474, Ogden
AN 14 17 28 A RE PR AR R 2y

N
i a; a; a;
W/:ZOTZ_(A1 +AY NS —3),  (13)
i=1

K, NIRRT, 0 o IAEREZ R, 351
PN PRI BT AR B AT S R AL R R, A, o, Mg
PR

Prony ZAC AR BT IR S IR Bl e AL R

N N
G (t) = Gy (1 -~ Zgi> +) giGoe M, (14)
i=1 i=1

Hh Gy AR UIB &, g, =Gi/Go, RRE
i~ Prony Wipy H—fbAniti i e (0<g; <1), 7
A A~ Prony IR AR stb B[R] . I R4 AR 7R G A A
1em x 1 em 40 VHEIEIE, AT i B8 e

u, =0, TERAE KR 0.6 BISAET, W& Ffm
R 039 0.01, 50, 102, 103, 104 s L. 58t
A Abaqus 585, IMFE%EE p = 1059 kg/m?,
I At = 1x10°8 s.

Kl 6(a) s T HERRS 5T (v =0.01 1) Tl
PR A KA A AL B2 SR 5 Sk [40] H i 2 B e R

(a) — Num v =10.01 s~
80 Exp fibrinogen: 35 mg/mL
o Exp. (Rachel M.E, 2023)
I
£ 60t
X
=
2
S 40t
2
n
20
0 1 1 1 1 1 1 1
0 0.1 02 03 04 05 06 07 0.8
Strain
140
(b) — v= 50s~!
120 — p— 10%2-1
. —v= 103 s~
o, 100 —— v= 104 s1?
<
@ 80
@
-
& 60f
40 +
20
0 n . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain
r=-="(c) —e=0.3, v=100 s~!
1007 1 ——c=0.6,v=1005"
! l —¢=0.6, v=200 5!
80 t! 1
< | ‘
| I
& eof| o+ 100f
= ' |
@ ! ! 80
N
£ 40p ! 60
! \ 40 ¢
20 b 1 20¢
! l 0
! ! 0 0.04 0.08 0.12
0 -Lf - L L L L
0 0.2 0.4 0.6 0.8 1.0

t/ps

6 (a) WEHH S TR 37 M8 RE H, Ogden BUH 24
pu1 = 5946.78 Pa, oy = 11.05; (b) AR H R T AR 1
J3-J% ZZ W )i, Prony K 241 g; = [0.2,0.2,0.1,0.1,0.1]
7 =[1x1075,5x1075,1 x 1073,0.1,10] s; (c) A [F] hi
AR AR H AT B R AR 2%

Fig. 6. (a) Comparison of stress-strain curves under quasi-
static conditions, Ogden model parameters: p1 = 5946.78 Pa ,
a1 = 11.05; (b) stress strain response of thrombus under
different loading rates, Prony series parameters: g¢; =
[0.2,0.2,0.1,0.1,0.1], 7; = [1 x 107%,5 x 1075,1 x 1073,
0.1,10] s; (c) stress time history curves under different

strain loading rates.
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3.2.1  &hepuh b5 ReEAK
HOREIRE KA 2 AR, 20307 A 1 S vp s
FP 1) 368 e i A R S AR ) 9 8 e b 5 g AR SRR Ak
R 3[R 51 & Ry RA B 2 S B ) A Rl
FE MGG R PRI b i R BB R 25 5 (At S5TE
FIEAEREIE (Appax) 230 E TN 7 RERCR, H
H Aty 278 95 s Z A1 B TRI AT, Apya 18
TSR ops R g2 2%
TEH 5 B8 (f = 20 kHz, Py = 220 kPa)
MR (m = 1g) HEMNSFMET, RNy
Xo Bt it vt P 91 B s R R R I AR 3 TR B

51+ e Numerical data
—— Fitting curve

Pmax = 2.6 MPa
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Jet impact time/ps
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Fig. 7. The influence of initial bubble radius on the arrival

time and pressure peak of jet impact.

A2 Ry BRI T Z M (WA 2.3.2 311), ik
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JEANI 2 S . P ey = LA MEMT,
HBL SRR A% R, 5 vhih BAARH] 4, SC R AT
W (anE 7 BiR), BiE Ry B, S i 20 a8
] 0 FEIR, S PR TUEEAEL o AW Hh AT
DAHEWT, XF T 2 S 7E ZBAR S RUNE O T, 4G
AR I 25 SR T TR SR ) SRR DG
3.2.2 AEAMIEFELA AT H A FERT
F 7 )

Sy HTERIA, 7E Z W& IR A RON TTEE T,
FEP R IR AR/ (Riyn) FIERK (Ryax) BIPIDS
W77 A A S vl e PR S ) B 4, 7 ) B s R
55, RERE PR 2 MO 9 R R, ks 2
SR TS T A U T, AU S
MAEFRTETAT. AR R = (1 3),
AT L BRE T T A7 opaks St X343, S o R 371
3 3o E— 2 DR N i S AR S BN ) SRR AU,
IBUIAL A 3 PR A g 22 A SR AT SR A R 00 4 F
BAHIERE (AR/R,) YR 1 BN 2 m,
H' AR = (Ruax — Rinin) /2, R A8 AN I
XFIEAYEAR, JE A Re = (Rmax + Rmin) /2, fAERI
B AR AR I R RS, By e A b
R

Kim &5 4 78 5256 3 5 = A MLV B
FEA I K A AR R AR 4 A TR 16—164 pm,
[FIFEYE Vyas 45 2 [ R 25 fbsc i rp, 2B
77 23 A SO R KK AR Y B 40—80 pm.
I, TELEG 25 RSB s 23 AU Ol S B TS B 1
T, BOEHBER PR R, = 60 um, R
IR A BN 2 i, PR 242
R 55 37 I 22 P AU 7 2 fe = 0.23Ro + 29.98 31
BARR), Hrp Ry B A pm, tiet AR ps.

22 B ERMEEIT (WK R, =

60 pwm A FHEE)

Table 2. Design of initial radius distribution for

bubble groups (based on the center radius R, = 60 pm).

e I T
N A x El . max min

(AR/RY/%  TERFm et

1.7 59—-61 0.4

3.3 58—62 0.9

5.0 57—63 1.3

8.3 55—65 2.2

16.7 50—70 4.4

33.3 40—80 9.0
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& 60 pm Y S i Fe g e Ry S, S gk 2
SFFUL B 2 A B O B 2 ar 2E A 7 2 A LS
Hrpd AT 81, il 8(b) Fizs.

(a) — AR/R. = 0% (single bubble)
6l — AR/R.=16.7%
— AR/R. = 33.3%

P/MPa

0 3 6 9 12 15 18

t/us
5 | (b) — AR/R.=1.7%
— AR/R.=3.3%
— AR/R.=5.0%

—— AR/R.=8.3%

P/MPa

0 L;) (.5 é 1‘2 15
t/us

K8 WA whdilamFomad  (a) AR/R, > 8.3%;

(b) AR/R. < 8.3%

Fig. 8. Construction of double bubble impact load sequence:

(a) AR/R, > 8.3%; (b) AR/R, < 8.3%.
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i B AN 7oy SRR T 0y A, AR
s B r T IMUARASE AL 2R A T Ak (nf&l 9 FFoR),
AL UL ARSI S A A W B s R R R &R

Pressure

o X Fixed

B9 Sl whfs A AR A 7R 3
Fig. 9. Schematic diagram of jet impingement thrombus

model.
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PERETAT 0.2 mom A7 B AL B4 TE R 3 % A8 R 107 £, 4
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dr TR ST, oginge AHVLERFASIM (R,)
dr TR ). B 12 BRI AR/ R, N HIBY
I 75 TE R 3G n 284k, FEAALIIE PN S K 5 1
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Y
o X

K10 i P BY ) S04 (AB M IIARER)
4.6 ps; (e) t = 5.5 ps; (f) t = 20.0 ps

(a) t= 4.6 ps; (b) t = 5.0 ps; (c) ¢ = 20.0 ps;MAR N IER J1 5046 (CD NHHER) (d) ¢ =

Fig. 10. The distribution of shear stress within the thrombus, where AB is the concave side intercept line: (a) ¢ = 4.6 ps; (b) ¢t = 5.0 ps;
(c) t = 20.0 ps; normal stress distribution within the thrombus, with CD as the axis: (d) ¢t = 4.6 ps; (e) t = 5.5 ps; (f) ¢ = 20.0 ps.
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Fig. 11. (a) Temporal and spatial evolution of shear stress on section AB under double bubble impact; (b) normal stress-strain

response at a distance of 0.2 mm from the wall on the axis under double bubble impact.
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Fig. 12. Influence of initial radius distribution range of

bubble group on stress accumulation effect.
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Fig. 13. The relationship between the maximum impact
pressure Pp./Pomax and the interval S/R (Ppy. is the
maximum impact pressure of a double bubble, Pg,., is the
maximum impact pressure of a single bubble, S is the dis-
tance between the centers of two bubbles, and R is the
bubble radius).
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Fig. 14. Influence of bubble coupling effect on stress accu-

mulation effect in thrombus.
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Fig. 15. Three dimensional cloud map of shear stress ampli-
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Numerical analysis of synergistic cavitation effect of multiple
bubbles in ultrasound thrombolysis”
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Abstract

Ultrasound thrombolysis primarily relies on transient shockwaves and microjets from collapsing cavitation
bubbles to mechanically disrupt thrombus structures. Although it shows clinical potential, its efficacy is still
limited by low cavitation energy transfer efficiency and unpredictable tissue damage, due to incomplete
understanding of single bubble dynamics and the synergistic mechanisms of multi-bubble interactions.

This study introduces a hyper-viscoelastic constitutive model incorporating blood clot mechanics to analyze
stress accumulation under sequential microbubble impacts. A gas-liquid-solid coupling multi-physics model
quantifies bubble collapse dynamics near thrombi, and integrates structural damping terms to represent energy
dissipation during fluid-solid interactions. Parameter analysis shows that the intensity of jet impact is positively
correlated with thrombus mass and ultrasound amplitude, but inversely related to dimensionless distance,
ultrasound frequency, and initial bubble radius.

The proposed rate-dependent Ogden-Prony model effectively captures thrombus behaviors under transient
impacts, including strain hardening, rate-dependent strengthening, and stress relaxation. Sequential jet impacts
induce cumulative stress through strain hardening, with multi-bubble synergy achieving significantly higher
stresses than single-bubble impact. Optimal bubble radius distribution can amplify the normal/shear stress
inside thrombi—maximum normal stress generated by the double bubble impact sequences is 6.02 MPa,
exceeding the tensile strength of the thrombus, while the maximum stress generated by single bubble impact is
1.45 MPa. The key quantitative relationships between bubble cluster parameters, dimensionless distance,
thrombus mass, and stress accumulation provide optimization guidelines for ultrasound thrombolysis. Notably,
controlled multi-bubble jet impact sequences with attenuated pressure peaks demonstrate enhanced therapeutic

potential through cumulative mechanical effects rather than a single high-intensity impact.
Keywords: ultrasonic thrombolysis, cavitation effect, jet sequence, stress accumulation
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