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Dynamic Acoustic Radiation Force on a Viscoelastic

Spherical Shell near an Impedance Boundary

Zang Yuchen
(School of Physics and Technology ,Nanjing Normal University, Nanjing 210023, China)

Abstract: When the incident acoustic wave contains many different frequency components, the acoustic radiation force on
the objects will have a dynamic component that changes with time,which is called the dynamic acoustic radiation force.
Dynamic acoustic radiation has been widely used in medical imaging, parameter inversion and other relevant fields. Based
on the image theory,the expression of the dynamic acoustic radiation force acting on a viscoelastic spherical shell near an
impedance boundary for a dual-frequency wave is theoretically deduced. Numerical calculations for a viscoelastic lucite
shell are provided as an example. The results show the splitting of the resonant peaks for the dynamic acoustic force,
which produces two peaks that are separated by a dimensionless frequency shift equal to the modulation dimensionless
frequency. Therefore ,when the two frequencies are very close, the dynamic radiation force can be approximated as the
steady radiation force. The increase of the boundary reflecting coefficient leads to the enhancement of the peak value of
the dynamic acoustic radiation force. Moreover, the dynamic acoustic radiation force changes periodically along the
variation of shell-boundary distance. When the spherical shell is relatively thin,the dynamic acoustic radiation force for
the air-filled spherical shell is much stronger than that for the water-filled one bacause air has a much lower impedance
than water. These results are expected to provide a theoretical basis for the acoustic manipulation near the boundary using
the dynamic acoustic radiation force.
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Fig. 5 Dynamic acoustic radiation force function Y, versus x, and éx for viscoelastic lucite spherical shells

with different relative thicknesses( with R =0.2,d=2a)

K6 Bon TEARR A S RS R s A SR TR Y, B d/a B2 fIZR  JFRIRTS T
8x=0.01,0.04,0.07 F1 0.1 BHAYTHELE R Hit 1, =2,0/a=0.5. AJLIFE ), BES BRFE AW 2 5Lm , shS s
RS 7 IR EIR G AR, 30 B R U RO KT, 2l A5 75 RS 0 i et P 2 3 K A il SR
ViR R A A AR, (AR I RS2, BN A8 7 A I eRES i Ze I A Hh 3™ A 1) ) A AR Ak | L0 25 B

40 45r
350
300
25+
5T 20h
15
1.0
0.5
0 L L L L |
2 3 4 5 6 7 8
dla
(a) 6x=0.01 (b) 6x=0.04
9 30
E; | 251
6 20 F
b Z 215
3 10
:
0 i L L L L | 0 i L L L L |
2 3 4 5 6 7 8 2 3 4 5 6 7 8
dla dla
(c) 6x=0.07 (d) 6x=0.1

— R=0 — R=0.1 R=04 — R=0.7 R=1.0
E6 FAEEERMAMTHEESHRERENISFEFNIHY, Fd/a WELML(HEF x,=2,0/a=0.5)
Fig. 6 Dynamic acoustic radiation force function Y, versus d/a for a viscoelastic lucite spherical shell

under different reflecting coefficients( with x, =2,b/a=0.5)



JEF 5 « FELTC0 53t B SR A Bk e A9 B A P i A

& d/a WHUSTIRAS X — IR SR A F RS R a5 BARARAH R, F52 1 BP0 R R e 5] AT ik
W, ERFE O T8 37 0 0 s T B, P 4 S Ik BRI I 24 BR[5BT
IRBIRAE. BEF 0, ASUEAS 75 5 56 0 028 Ak R G R 2 B K. 2 ka =2 B, 248 A0 i JE 30 R
/23X 55 A FA SRR, R TR SR AR PSS TR A0 83 23R 43t DR TG S A7 7 7 A 1 0 B R g 4
P, ST T A SR AS 2 A 4 R I AR Ak

I SR TORY SR BR S P I TR A OGS sh S a5 F1 g mi. &1 7 R T ERFE N Fn i 25 <
Ak S A ) BREOR B AT S5 518 5 ME. XFHE S 58 7 AERBL, BERFE bR
Z R 0.2 0.4 B, 78 BRFE AT KBRSE M S A TR FR G 1 LT 58 M M ERSe AR Z N 0.6 FI
0.8 i, P AT SR B T I S p 22 5. 0 2, I PN IR PR A T ) T R e 30 25 7 4 B 9 R i K R
Bkt WPIEE 43T, MERFEAR X R R | 75 U SR A0k S 52 2 TP e, E A N g it T A B,
DRI i PR A ST 2575 i B T BSOS K. dE— 2 IR 7 () AT (d) T LR B, 2 Bk52 P B 7o il 25 <
ARAT VI PRl P 10 B0 257 e T W S i 2 R B B A AL, R Fh T2 R R i S v ) 7 B 22 57
TE T IK = AR A S AT, 7 104 7 13— L 0 %) S S DR R ik, AT B TN T sl 2857 4 i R0 sk 5 Sk
HSE T ARAT. 1Z G TT LI ARAR G P s BR ST B it — S B4

8
14
; -
s 10
. 8
3 6
) 4
1 2
1.2
30r 20 1.0
15 0.8
10 00
0.4
> 0.2

0“0" > x
(c) bla=0.6 (d) bla=0.8

7 FREBEEMFESHEESEMERENSRES B Y, b x, F16x FHEHL(EP R =0.2,d=2a)
Fig.7 Dynamic acoustic radiation force function Y, versus x; and éx for air-filled viscoelastic lucite spherical shells

with different relative thicknesses( with R, =0.2,d=2a)

3 i
ARSI S 2 KRR (9 BB G T B0 SR AT K S R 55 W0 2 o 75 0 R 2
S P AR T ) Feik e, O PR S RS A AR AT, V65 BN 1 A5 fh B 3 s 4 k. 7R EER |

Xt FEK A A AR BR TS 4 0 — A 3h 25 P i S 0 eIt AT T — RSN E. AR RS i B T A AR R 3
T2 P v BhAS P FR A T AR, (NSO IR A BAR R B, SRR AT A L, s P i i T 2 H B
(ERYBF B , HLBF RS DI MBI R A BB AG 425 T St TAERE AL AL SRR 52 1 S A8 7 4R 5
W F 2 o) v e AT ) B 2. BB R SRR 58 5 10 SR B R R A B TR R A ) S BT R A A
PRI AR 380 G AT, YR e RO L PR ) 8l 2 7 A A5 1 P S 8 5 O 1 IR B30 A9 DA (L. AR S5 R AT LA
Shy S T B A A S0 LR T ) 7 R R I R AR



PSR 4R (AR R 55 47 45 3 11(2024 4F)

[22]

[23]

[24]

[25]

[26]

[ &% 30k ]

WU J R. Acoustic tweezers[ J]. The Journal of the Acoustical Society of America,1991,89(5) :2140-2143.

SO e, 2K AR PR RORIT S E R [ T]. IR, 2018,37(5) :655-663.

RZCHR, R ARE BT ST ARG A A B 00 S ok RS S [ T ] B BE2A41,2021,70(21) : 166-174.
DAYTON P A,MORGAN K E,KLIBANOV A L,et al. A preliminary evaluation of the effects of primary and secondary
radiation forces on acoustic contrast agents[ J]. IEEE trans UFFC,1997,44(6) ;1264-1277.

DAYTON P A,ALLEN J S,FERRARA K W. The magnitude of radiation force on ultrasound contrast agents[ J]. Journal of
the Acoustical Society of America,2002,112(5) :2183-2192.

BT, EAER, DT K. BUSIMUR R 3 0 T 2 VR R B R SE RIS D] B RO E R ( AARBRER) |
2015,38(2) :30-37.

LIERKE E G. Acoustic levitation:a comprehensive survey of principles and applications[ J]. Acustica, 1996,82(2) :220—
237.

e e SE KoK, 25, Ouzo UMY BT S 1A T [ T]. rhEBLS: W3S J)5% RICH,2021,51(5) - 151-
160.

KING L V. The acoustic radiation pressure on sphere[ J]. Proceedings of the Royal Society of London. Series A,1934,147.
212-240.

YOSIOKA K,KAWASIMA Y. Acoustic radiation pressure on a compressible sphere[ J]. Acta Acustica Society of America,
1955,5:167-173.

HASEGAWA T,YOSIOKA K. Acoustic radiation force on a solid elastic sphere[ J]. The Journal of the Acoustical Society of
America,1969,46(5B) :1139-1143.

HASEGAWA T. Acoustic radiation force on a sphere in a quasi-stationary wave field theory[ J]. Journal of the Acoustical
Society of America,1979,65(1) :32-40.

WU J R,DU G H. Acoustic radiation force on a small compressible sphere in a focused beam[ J]. Journal of the Acoustical
Society of America,1990,87(3) :997—-1003.

HASEGAWA T,HINO Y,ANNOU A, et al. Acoustic radiation pressure acting on spherical and cylindrical shells[ J]. Journal
of the Acoustical Society of America,1993,93(1) :154-161.

MITRI F G. Acoustic radiation force acting on elastic and viscoelastic spherical shells placed in a plane standing wave field[ J].
Ultrasonics ,2005,43(8) :681-691.

MITRI F G. Calculation of the acoustic radiation force on coated spherical shells in progressive and standing plane waves[ J].
Ultrasonics ,2006,44(3) :244-258.

MIRI A K, MITRI F G. Acoustic radiation force on a spherical contrast agent shell near a vessel porous wall-theory [ J].
Ultrasound in medicine and biology,2011,37(2) :301-311.

WANG J,DUAL J. Theoretical and numerical calculation of the acoustic radiation force acting on a circular rigid cylinder near
a flat wall in a standing wave excitation in an ideal fluid[ J]. Ultrasonics,2012,52(2) :325-332.

FrERL, TR BB WK T KPR R B A F A T [0 ], B R4l ( FARBRA ) ,2017,53(1) :19-26.
QIAO Y P,ZHANG X F,ZHANG G B. Acoustic radiation force on a fluid cylindrical particle immersed in water near an
impedance boundary[ J]. Journal of the Acoustical Society of America,2017,141(6) :4633-4641.

QIAO Y P,ZHANG X F,ZHANG G B. Axial acoustic radiation force on a rigid cylinder near an impedance boundary for on-axis
Gaussian beam[ J]. Wave motion,2017,74:182-190.

QIAO Y P,SHI J Y,ZHANG X F,et al. Acoustic radiation force on a rigid cylinder in an off-axis Gaussian beam near an
impedance boundary[ J]. Wave motion,2018,83.:111-120.

QIAO Y P,WANG H B,LIU X Z,et al. Acoustic radiation force on an elastic cylinder in a Gaussian beam near an impedance
boundary[ J]. Wave motion,2020,93.102478.

MITRI F G. Induced acoustic radiation force and torque on a pulsating cylindrical source near a planar rigid half-space
boundary[ J]. Journal of applied physics,2018,124(5) :054902.

QIAO Y P,ZHANG X W,GONG M Y, et al. Acoustic radiation force and motion of a free cylinder in a viscous fluid with a
boundary defined by a plane wave incident at an arbitrary angle[ J]. Journal of applied physics,2020,128(4) :044902.
ZANG Y C,LIN W J,SU C,et al. Axial acoustic radiation force on an elastic spherical shell near an impedance boundary for



JEF 5 « FELTC0 53t B SR A Bk e A9 B A P i A

[42]

[43]

[44]

zero-order quasi-Bessel-Gauss beam[ J]. Chinese physics B,2021,30(4) :044301.

SIMON B E,HAMILTON M F. Analytical solution for acoustic radiation force on a sphere near a planar boundary[ J ]. Journal
of the Acoustical Society of America,2023,153( 1) :627-642.

NIGHTINGALE K,SOO M S, NIGHTINGALE R, et al. Acoustic radiation force impulse imaging:in vivo demonstration of
clinical feasibility[ J]. Ultrasound in medicine and biology,2002,28(2) ;227-235.

SARVAZYAN A P,RUDENKO O V,SWANSON S D, et al. Shear wave elasticity imaging: a new ultrasonic technology of
medical diagnostics[ J]. Ultrasound in medicine and biology,1998,24(9) ;1419-1435.

CHEN S,FATEMI M,GREENLEAF ] F. Remote measurement of material properties from radiation force induced vibration of
an embedded sphere[ J]. Journal of the Acoustical Society of America,2002,112(3) :884-889.

MITRI F G. Inverse determination of porosity from object’s resonances[ J]. Journal of applied physics,2004,96(10) : 5866—
5869.

MITRI F G,CHEN S G. Theory of dynamic acoustic radiation force experienced by solid cylinders[ J]. Physical review E,
2005,71(1) :016306.

SILVA G T,CHEN S G,GREENLEAF ] F,et al. Dynamic ultrasound radiation force in fluids[ J]. Physical review E,2005,
71(5) :056617.

CHEN S G,SILVA G T. Measurement of dynamic and static radiation force on a sphere[ J ]. Physical review E, 2005, 71
(5) :056618.

MITRI F G. Theoretical calculation of the modulated acoustic radiation force on spheres and cylinders in a standing plane
wave-field[ J |. Physica D—Nonlinear phenomena,2005,212(1/2) :66-81.

MITRI F G,FATEMI M. Dynamic acoustic radiation force acting on cylindrical shells : theory and simulations[ J ]. Ultrasonics,
2005,43(6) :435-445.

MITRI F G,FELLAH Z E A. Amplitude-modulated acoustic radiation force experienced by elastic and viscoelastic spherical
shells in progressive waves[ J]. Ultrasonics,2006,44(3) ;287-296.

SILVA G T. Dynamic radiation force of acoustic waves on solid elastic spheres[ J|. Physical review E,2006,74(2) :026609.
SILVA G T,CHEN S G, VIANA L P. Parametric amplification of the dynamic radiation force of acoustic waves in fluids[ J].
Physical review letters,2006,96(23) :234301.

SILVA G T,URBAN M W,FATEMI M. Multifrequency radiation force of acoustic waves in fluids[ J]. Physica D—Nonlinear
phenomena,2007,232( 1) .48-53.

SILVA G T. Dynamic radiation force of acoustic waves on absorbing spheres[ J]. Brazihan journal of physics,2010,40(2) :
184-187.

HOYT K. Theoretical analysis of shear wave interference patterns by means of dynamic acoustic radiation forces[J].
International journal of multiphysics,2011,5(24) :9-24.

MARSTON P L,DANIEL T D,FORTUNER A R, et al. Specular-reflection contributions to static and dynamic radiation forces
on circular cylinders[ J]. Journal of the Acoustical Society of America,2021,149(5) ;:3042-3051.

MARSTON P L, DANIEL T D, FORTUNER A R. Specular reflection contributions to dynamic radiation forces on highly
reflecting spheres(L) [ J]. Journal of the Acoustical Society of America,2021,150(1) :25-28.

HUANG H, GAUNAURD G C. Scattering of a plane acoustic wave by a spherical elastic shell near a free surface|[ ] ].
International journal of solids structures,1997,34(5) :591-602.

[ REHE AT



