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Fig. 1. An arbitrary object with axisymmetric geometry obliquely positioned in a zero-order standing Bessel beam.
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B N T O, AT (5) A (30) X
Fy = p3So/ (2pocd) EATIH—ALAL L, X HL Sy = nRR?
S BROE KL B HO B . & 2 R T A
(30) A0 (5) I AFZFr Bessel 55337 4E F F K h
B BRIE A 52 B B IH — b P FR 5 7 A2 2R
IKBEEJE po = 1000 kg/m3, A co = 1480 m/s, 8 =
/6, k.h = /4. BUE R 1% B 5K AR, # 2(a),
(b) Al (c) 43 WX N2 cm/co = 1.01, ¢m/co = 1.05
Mem/co=1.1 MREHL. SR WK, R 3Z2 B R
ST IE A B, 7E kR < TAYARAT 5 BBl N, Born
AR ZE SR SAE R IAT G ARARYT, BEE kR BY3EN,
Born i1 Ui Y15 22 7 048 K. 33X & i T P s A
TN, PURACIE (n = 2) \AREURI (n = 3)
S BYSZ I AN e 20, [R) X L AR S IE T Born i
RIALE T AR < 1R . R4 Qi Born
AT AL i FIAR B0 ik A s A0 L PN ) 8 A 34 AR
PRI, B HRS 1A HEA AR X LY kR S
A I, TEAG 2R ZRm SN T, Born

|
VT ARL D R ] LA A S PR i) P R AR A — S 1 B iR 4
S HeAh, K5 TR A A B RS R 25 80K, Born
T RLfR FORG B fire 1) 2 S AR Bl P 3 7 S 402
SN, FC T S0 AR S O STER AN g A
W&, MM 2L Born iU AR 2E 3G K.

0.04

(a) —— Born approximation
— = Full solution

0.03

0.02 |

0.01 |

F./F,

0OF

—0.01}

—0.02

0.20
(b) —— Born approximation

0.15 - — = Full solution

0.10

F./Fy

0.05

—0.05

—0.10

0.4

(c) —— Born approximation
0.3l — = Full solution

F./Fy

—-0.2

Kl 2 Z B Bessel T % 3 0 4 2] BROE R+ 52 31 19 )5 —
A7 4R 5 I BE kR 9728 4E (8 = 1/6, kh = 10 /4, p/po = 1)
(a) ¢pn/cy = 1.01; (b) ¢,/ = 1.05; (c) ¢,,/co = 1.1

Fig. 2. The dimensionless acoustic radiation force plots for a
homogeneous sphere versus kR in a zero-order standing
Bessel beam (8 = /6, k.h = n/4, p,/po = 1): (a) cp/co =
1.01; (b) ¢,/ o = 1.05; (¢) ¢,/ co = 1.1.
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0.25
cm/co=1.01
— = ¢m/co=1.05
0.20 | ¢m/co=1.10
- 0.15
<
>
S
010} -~
=~ ~
~
~
0.05 SO
~
~
%
~
0 1 1 1
0 /8 n/4 3n/8 /2

B

3 ZBr Bessel $1 3 37 0 5 2) ROV b 7 2 B B9 1 —

bR F1BE B AR 4R (KR = 0.5, k,h = nt/4, p,/po = 1)

Fig. 3. The dimensionless acoustic radiation force plots for a

homogeneous sphere versus G in a zero-order standing
Bessel beam (kR = 0.5, k,h = n/4, p,,/py = 1).

K345 T kR = 0.50 ¥ S BRIE KL T 1Y IH —
TEr iR RER AR B R, BT S
g 5K 2 g eME. A5EN, BER TS
JE R AR 75 2 022 S g T, 9 5 A BEL B D e 8
75, PRSI B A 5. At
FARYIE N 2 SEGER AU IN, 258 = 01,
LEACRR A P I BE P A RIS IE .

W= H R ER < THHEOL. FATHER AT LIA]
I (28) AT e IR R A1, (H ERGTE (30) :—cﬁ‘

pikV
F, = 3002 X 4 [faPo (cosB) Py (cosB) + fcPy (cosfB) Pa (cosf)]
. -2
+ fpP1 (cosf3) Py (cosf3)] x <SHZ];§R _ SIZEZZR
7y =0, (36)

AR, 8 fp = fp = 00 ,(35) 2B A B ST BT
BT RYZER (30) . Ak, A& IR A 7EE Yy
SN, (ERIBRVE AT R AN S B i 5 R RO .

FIHT (35) 2R 7K AR ST BRI R 7 4 45
FIREAT o3 ABCCER U AL A 8 B A7 3 7K 58 A
[F], HHRSRA fa = fo = 0. 3 T3 TIH—{brfmgt
JIBE kR VKR, Hf B =n/6, k.h=mn/4. KL
R LAY 7R Sy o B D DO R R -
1420 kg/m? #1 940 m/s, 1460 kg/m? Fl 980 m/s,
1500 kg/m? #11020 m/s, 1540 kg/m? F11060 m/s.
— BT, ORI B R, PRI XA
WEBA—ENE . 2915, 75X 4 MEALT

£ kR < 1IN A% RO B O BT 8 19 75 9 O 75
CIPALSAS N S

12)2]{2; (f1 f2> Pg (cos 3) Py (cos 3)

z

+ f2P1 (cos ) P2 (cos B)] sin 2k, h. (32)

[FIFERH Fo = poSO/@POCO)XT (32) AT — /f’t
o B NAE kb [ e WG OG0T e IH — 4k R 4R
5 kR RIF .

3.2 IEHEBKFEHLF

SC R B 75 RS R AR AR R AR A, |
fi (r)F fo () 223 AL B B pRART. % S8k 125 B I
AN A [0 AR R r ARAR RO RS, IR R R Ry
KF:

R4 h ()= fat s ()

f2(r) = fo + 5 Fo- (34)

BHFEM, filr)+ fa(r) /200 fo (r) TERRL AR T35
H fa Rl fo, FEERTE R F F 080 50 3 8 fa+ [
fo+ fp, I BRERE AR AR 2t A2 k. o (33) AN
(34) ACA (15) A (16) =, T 7EBR AL bR P
TR AT LA B 4R 5 MU i ek =

3, (2h-R) | 3 :
2k, R 4k2R2

JBPo (cosf3) Py (cosf3)

- cos2sz> }sianzh, (35)

\
SIA: fe=—0.250, fp = —0.042; fp = —0.077,
fp=-0.014; fg=0.071, fp =0.013; fp=0.197,
fp =0.039. &5 3 BN, K71 S80S B B AR
AAZEBR, FH 4R SR T B WA O, (HL RS R 5p) e
BRI kR B LR RS A G, X
JEF N TE Born ST B A4 v Z2 W T U EN 7 AR
SR TTRR. G552 b, A SR S R S U AL
FIIAAEIR B, S 1T 52 ) 75 568 555 0 0 {1 1) £
B, H—7 I, WETFTA, Born T #ANAE KR < 1
A ORI i (ARG B, s e FEl N I 85 R S 5 5 X
AR, T X —F o, #5454 7 kR = 0.50FH—
P e A T B4 A AR 2R, B S
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—0.2 —— fp= —0.250, fp = —0.042
— - fg=—0.077, fp=—0.014
-0.3 f=0.071, fp=0.013
—-— f3=0.197, fp=0.039
70.4 1 1 1
0 2 4 6 8

kR
4 FBr Bessel $E 37 0 AR B S BRIE L 152 B A I
— AL R IR kR BB AL (fy = fo =0, 8= n/6, kh =
m/4)
Fig. 4. The dimensionless acoustic radiation force plots for

an inhomogeneous sphere versus kR in a zero-order stand-
ing Bessel beam (fy = fo =0, 8 = n/6, k.h = n/4).

B 4 SERIR. AT L, B
SN, P R I R TR
9= OB RO, SRR Y

F= p%kV

B 2p0€0

Vol. 71, No. 10 (2022) 104302
0-4F —— fp=—0.250, fp=—0.042
osl - - fp=—0.077, fp=—0.014
’ f5=0.071, fp=0.013
0.2 Frmmmma -- f5=0.197, fp=0.039
oib Tl

F./Fy

0 Tl‘/g n}4 311./8 /2

B
5  E W Bessel 5 53 0 AR ¥ &) BROE R+ 32 3] 1 5
— ARG I b B AR LR (fy = fo =0, kR = 0.5, k.h =
n/4)
Fig. 5. The dimensionless acoustic radiation force plots for

an inhomogeneous sphere versus [ in a zero-order standing
Bessel beam (f; = fc =0, kR = 0.5, k,h = n/4).

FER A HIIE L.
FAEHL, (35) SAE kR < 1AY1E DL F 38 0] LUIAE
P, U BRI ZE R

5 { [P0 (cos ) Py (cos 8) + fcPy (cos ) P (cos 5)]

+ %[fBPO (cos B) Py (cos B) + fpP1 (cos B) Pa (cos B)]} sin 2k h. (37)

5 32) X, 37) X — /e s RIS
kR B IE EE (B2 k.h). FE RN Y f = fp = 0fF,
kR ARATEE A0 (37) KRk R (32) K.
UL Bt el LUE % (33) LA
(34) RN SEo A0, PR 1Ry 2]
DISRATT SR A1, (T 38 42 2% 530 A (B S E0E bir
+, Al e S AR Oy A TR S
4 FHEI A F 89 Born 2T A
4.1 HEIHEEKERLTF
AR b7 S B ) 75 s 43 UL
BRI R TR A PR AR A 0 R K
MR EAE R T @ 2ICTEERIZAR B, % &6 T
ZBr Bessel B i1 35 0 1 ¥ S BROE B 7, HAE
XTFRAH 277 ] A BE R b, T T X FR A 7 1)
R B IR T A B R A2 R o, BAR @ > bXT R 2
WERIIETE, o < bXT R & KMERITEIE, o = bi
WEERIE KT MR AL A pr o I BRIE AL T, 58 SUBHERTE

\
BT RS HE R b/a . b BB LA 56 & Al 45
L=2b, R(z)=ay\/1—(2/b)*.
XFFBISIMEIE R &, For R f
FR R (17) A (18) AR A WA AT
gL, HRel S BUE R ok TR, K5 4
T Bessel 3E 3 57 Hh O X SR ERIE KL+ 1 )5
—AL SRS IR A RE kb B9 AE ALl £k, Ho e R
ARS8 = m /6, XEFREMAVER ] £ 6 = /6, BT
PRSI 1/4, 1/2, 1,2 4. B F-5K 3R A
FRZ I IH pm/po = 1, em/co = 1.05. HR%aE5T
FIRAXRERE, 7 AR S TR H — AL Tk 70 = b,
B RN, EIE AR I E koh = /4,
THE AR T AR B B kb = 0, 3K J2 o T ik
T 1 7 S D0 RN R AN Y ok 3. NIEL 6(a)
AHER 1, YR I LU, PR A ) i
(=R it M E RS =N O A O TR (= RUEN b G
JUESTIL, T BERTE kb < 1SR TE Bl N LT 528
A, XULIATERLF RGN T A, 75 55
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(a) —b/a=1/4
e
—-=b/a=2
0.10 —bja=4

kb
0.20
(b) —b/a=1/4
0.15 __Ziz}/z

K1 6 % Bessel 4 #3024 S BROE KL - 32 3 /Y 15
— Ak A T T A BE kb 9 A5 Ak (8 = n/6, 0, = n/6,
Pm/Po =1, cp/cy =1.05) (a) H—1LF 4 F1 (kh = n/4);
(b) A— AL 50 14 (ko = 0)

Fig. 6. The dimensionless acoustic radiation force and
torque plots for a homogeneous spheroid versus kb in a zero-

order standing Bessel beam (8 = n/6, 6, = n/6, p,./py = 1,

¢/ ¢ = 1.05): (a) Dimensionless acoustic radiation force
(k.,h = m/4); (b) dimensionless acoustic radiation torque
(kh = 0).

JyRE SR B LT 6. L 6(b) il
DL, SR T R 5 7 AP R R 1
B, BRI T2 32 B g 2 B 75 ) R,
T 2B kb A AL T A, 3% BUR %
BT 61622 R0 B T L6 6 30, o G
EFRE . MUY 1 R TRR Y R,
TR AR ARG 1. IR, BRI TR BR
BRI AR, 74 40 5 0 e oA 2
o R AE kb << 1 BT FEL P, SR TR H X 7
SRR 5 B X 5 R A
FFA.

[ 7(a) I 7(b) 4B T kb= 0.5 —
175 55813 3 A R o AR ) £ 125l 5
Z, HASHALE S 6 522 M. I r Hgs R

0.025

(a)

0.020

0.015 —b/a=1/4

- -bla=1/2

F./Fy

0.010

0.005

95

0.02
(b) —b/a=1/4
- =b/la=1/2
bja=1
0.01 —-=b/a=2
—bla=4

Ty/To
=)

—0.01}

—0.02

0 n/8 n/4 3n/8 m/2 5n/8 3n/4 Tn/8 m
b5

K7 B Bessel §F ¥ 37 0 34 2 W 3RO BL 552 B 19 19
— bR SR BE 0, 1Rk (kb= 0.5, B=n/6, p,/py =
1, cp/co = 1.05) (a) —AL A 55 Iy (kb = n/4); (b) A
— R I (k.h = 0)

Fig. 7. The dimensionless acoustic radiation force and
torque plots for a homogeneous spheroid versus 6, in a zero-

order standing Bessel beam (kb = 0.5, 8 = /6, p,./po = 1,

¢n/c = 1.05): (a) Dimensionless acoustic radiation force
(k.h = m/4); (b) dimensionless acoustic radiation torque
(k.h = 0).

LIE i, SHERIE R 1 7 405 010G T 6, = m /2 54
XIFR, X2 AR FRMERE Y. 726 = m/24b, K
IR RL T 1Y P R IR 3 B AL, T W BRI AL
TR SR TR B /ME. X TR TS, 75
R IR S 0, TR — 5K FHLZ. 5
PR ST EE RN, BRERIE KL 75 SR S 1 G
F05 = w12 BEFXIFR, #E0s = 0, /2, n T PHEHAHE R,
TX A SR AL X BRI BEOR b AR EE R FE 0 <
05 < m/2FTEIE Y, KMRERTE R 1 7 SR 5 )
TH, i W BRI KL 1 75 48 5 ) BOE(E, 7En /2 <
05 < m 1Y Bl N UG S AR B . Ak, BRIE KL 1 P
R R R S PRUSARA Y.

TERD < THYZRMET, ATLARIAT (28) 20N (29) =X
R P 3 S A R A AR A =
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B 2p00(2)
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2
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ke h BIZEAETS, IH—AE R BRI REIFARS kb A
B, MiJg5 &2 (o — 0°)AE I, X 55845 1/
THIEA BT A,

4.2 JEBHIEIWHERFE AL T
UK AR SIS | ARRBRIE KL . 5 ki 11

WP AL 2 AR A B, 6 2 A
:ES¥

RE R E) =t Egs 0
f2 () =fc+2%/fD~ (41)

BHEWM, fi(2)+ f2(2) /280 f2 () TEREER A )
— i 2 = —L/253 N HAE N fa— f8H0 fo — fp,
TE T —ii 2" = L/253 BBUE N fa + R fo + fp,
WE B 2 5 IR PEAR L.
Tt AR B S PEAUSUAR BRAE 2605 |,
BT LS (26) 201 (27) XTREERIE BT 75 48
SR TR 5B R R I
oL, BEEHTSER TCIEAS B R IR AT 45 2R, 5 24T
BER 2. B 8 1A T E B Bessel 51
ARSI AL (4 0 — Ak R 2 T B kb 1A%
R FR, B 8(a) HIMEERIE AL F7E 2/ = —L/24b
pm = 1000 kg/m?, ¢,,, = 1480 m/s, 7E2’ = L/24bp,, =
1080 kg/m®, ¢,,, = 1560 m/s, [&] 8(b) 1 A4 i BRI A
FAE 2 = —L/24b ,,, = 1000 kg/m?, ¢,,, = 1480 m/s ,
16 2 = L/24b ,,, = 920 kg/m®, ¢,,, = 1400 m/s, 23t
BAEX ARG T 433 fa = 0137, f5 = 0.254,

(fl + J;) P (cos3) Py (cos) + f2Py (cosB) P (cosm] sin2k. h, (38)

(f1 + fz) Po (cos 8) Py (cos B) + faPy (cos B) Py (cos ﬂ)] x (a® — b?) cos 2k, hsin 26, (39)

fo =0.026, fp = 0.051; fa=—0.160, fz = —0.349,
fo=—0.027, fp = —0.056, HASHEE 5K 6
SEa Al 5 R BN, K 8(a) AL 51 6(a)
SR, BRI IR K. & 8(b) i
HZE RN 5 E 8(a) 75, X & i T UL R 1
FBRGT/N T B A, B9 45 T 5 & 8 A [F 1
B IE— AR A AR R TR R, P 9(a) N
& 6(b) AL F—2L, Ml 9(b) W5 & 9(a)

SN=
F+T.

9 v
0.3 b/a ; 1
—==b/a=2
0.2 — b/(l, =4

Fz/FO
o
—

(b)

K8 Z K Bessel B U 3 w0 AR B 50 5 BRIE A 1 32 B Y
9 — Ak 75 %5 5T 7 BE kb 1Y 2B AR (B = n/6, 0, = n/6, kh =
n/4):  (a) fy = 0.137, f = 0.254, fo = 0.026, f, = 0.051;
(b) f4 = ~0.160, fz= —0.349, fo= —0.027, f, = ~0.056

Fig. 8. The dimensionless acoustic radiation force plots for
an inhomogeneous spheroid versus kb in a zero-order stand-
ing Bessel beam (8 = /6, 0, = n/6, k.h = n/4): (a) f4 =
0.137, fz = 0.254, f,=0.026, fp = 0.051; (b) f4 = —0.160, fz =
-0.349, fo = -0.027, fp = —0.056.
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0.2} bla=1

—-=b/a=2

Ty/To

—-0.2
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(b)

0.1p

Ty/To

—0.1f

—b/a=1/4

_ — —bla=1/2
—o2} bja=1
——bla=2
——b/a=4
—-0.3 L .
0 2 4 6 8

Bl 9 EFr Bessel I 37 w0 AR Y 5 W 5RO% b7 32 2119
VA — 4k 75 55 5 1 BE kb B9 AR (B = n/6, 0, = n/6, kh =
0) (a) fy=0.137, fz= 0.254, fo= 0.026, f = 0.051; (b) f4 =
~0.160, fz = —0.349, fo= —0.027, f, = —0.056

Fig. 9. The dimensionless acoustic radiation torque plots for
an inhomogeneous spheroid versus kb in a zero-order stand-
ing Bessel beam (8 = n/6, 0, = n/6, k,h = 0): (a) fy =
0.137, fp = 0.254, fo= 0.026, f, = 0.051; (b) f4 =-0.160, fz =
-0.349, fo = -0.027, fp = —0.056.

P10 FE 11 451 T kb = 0.5 B I —fb 7 8
JIR I FE R X ) A ARG R, RS
BRI E S 8 FE 9 SE4HIE. [RIFEHE, 15 10(a)
A 11(a) MRS R SE 7(a) FIE 7(b) 5E22
1, I 10(b) FE 11(b) AYZERNA 51518 10(a) %ﬁ

pokV

- 10pocj

+2k.b[fBPo (cosf3) Py (cosB) + fpP1 (cosf3) P2 (cosf)]cos2k, heosbs

P2kVD

Tv T T 10pocg

+ [fBPo (cos B) Py (cos B) + fpP1 (cos ) P2 (cos B)] sin 2k, h sin 6 }.

R LA, PR S R R 2 X el ) BB )
AR A7 fp M fp BIBUESE, W24 05 = ORPRL 1Y

0.20

0.15

2 —b/a=1/4
~ 0.10 - =b/a=1/2
Ry b/a=1
—==b/a=2
——bla=4
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0
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- —bla=1/2
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—0.10

F./Fy

—0.15

—0.20

—0.25 \ \ \ \ \ \ \
0 n/8 mn/4 3n/8 m/2 5n/8 3n/4 Tn/8 m
0

& 10 Z B Bessel 3E #7370 AE S S M BROE B 7 2 B9
I3 —Ak 7 T 1B 0, AR 4k (kb = 0.5, 8 = =/6, k.h = m/4)

(a) f1 = 0.137, fz = 0.254, fo = 0.026, fp = 0.051; (b) f4 =
~0.160, fz = —0.349, fo = -0.027, fp = —0.056

Fig. 10. The dimensionless acoustic radiation force plots for
an inhomogeneous spheroid versus 6, in a zero-order stand-
ing Bessel beam (kb = 0.5, 8 = /6, kh = n/4): (a) fy =
0.137, fp = 0.254, fo=0.026, fp = 0.051; (b) f4 =-0.160, fz=
-0.349, fo = -0.027, fp = —0.056.

Kl 11(a) 5.

HE kb < 1THHME L b/a> 101E L. FIH
(28) ZUHN (29) 2045 B LS 75 5 5 77 0 R 3T A
FirA:

———={5[f4Po (cosB) Py (cosf3) + fcP1 (cosf) Py (cosf3)]sin2k.h

(42)

5 {k-b[faPo (cos ) Py (cos ) 4 fcP1 (cos 3) Py (cos 3)] cos 2k h sin 20

(43)

\
FRET IR, 20, = n/ 200K TR PRI 15D,
(ESK PG B0 75 B S 8 by TR B i 2k
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FIEH kb < 1, RAEKLA 75 S A SIER fo R
S XF PR SR T B BT /N TR S A
FaR fo, MRS AR G DO NAE Lr AR B . (EA5- 1
B, E BT kb BRTEE T, BER A IE —fb P
SR SRR A OC R B R A, W A
FETE T TR SR R W TS B ERIE br 711
HiFE fe = fp = ORIN], BUA (42) BRI (38) =X,
1B (43) IFABAH (39) K. B4 (39) Kt -
PR b/a > TRYFTHE, WG58 554, X W2

SUEEINERE S

5 FHAFH Born JT M
5.1 HEEFHRT

Born 1 LR FERIE H FAE BT % S #m
HER D KER L—35RT, M5 L]
KRZBIRFA R(2) = D/2, 1Lt (26) =UA1 (27) A7
TERENTIARR 255, PR AR TR 156 50 510

2kV 2J1 (k. Dsinb) .
F, = g;ocg (f1 + J;2> Po (cosB) Py (cosf) + f2Py (cosB) Py (cosﬂ)] WJO (k,Lcosty) sin2k,h, (44)
2k2V
Ty :96/10)30% [ (fl + J;Q) Po (cosB) Py (cosf3) + foP1 (cosf) Py (cosf3) ] cos2k, hsin26
8] (k. Dsinb) . 2J; (k. Dsinb) 3j; (k. Lcosbs)
3p2 == 5 (k,Lcosfy) — 4L L
% [ (k. Dsindo)? ° (k= Loosd;) k.Dsinf, k. Lcosh, ] ’ (45)
0.2 0.2
© bz
b/a=1
0.1} ——bja=2 0.1}
—b/a=4
£ £
& &
—0.1f —0.1}F
—025 =/8 n/4 3n/8 n/2 5n/8 3n/d Tn/8 = —025 =/8 /4 3n/8 /2 bn/8 3n/d Tn/8 =
0, 0,
P11 B Bessel Bk Uk 3 0 Al 40 W BRI R 1 32 81 (9 V3 — 175 5 5 0 4B 0, A9 254K (kb = 0.5, B = /6, k,h = 0) (a) f4 =

0.137, fz = 0.254, fo = 0.026, fp = 0.051; (b) f4 = -0.160, fz = —-0.349, fo = —-0.027, fp = —0.056

Fig. 11. The dimensionless acoustic radiation torque plots for an inhomogeneous spheroid versus 6, in a zero-order standing Bessel
beam (kb = 0.5, 8 = n/6, k,h = 0): (a) fy = 0.137, f3=0.254, fo = 0.026, fp = 0.051; (b) f, = -0.160, fz = —0.349, fo = -0.027, fp =
—0.056.

0.3 0.04

(a) — D/L=1/2 (b) — D/L=1/2
- -D/L=1 - -D/L=1
0-2r D/L=2 0-021 D/L=2
. o1l 0
= S iy
= s
B 4 | % o002}
\\ _ - -
—0.1} B —0.04}
—0.2 . . . —0.06
0 2 4 6 8 0 2 4 6 8
kL kL

Bl 12 ZEFr Bessel 33 37 0 ¥ 54T b F 32 B B9 0 — A6 75 48 5 1 A1 56 BE kL B9 7284k (B=n/6, 0, = n/6, pn/py = 1, cp/co =
1.05) (a) H—Abria st 1 (kb = n/4); (b) H—fLFE 5 J15E (kb = 0)

Fig. 12. The dimensionless acoustic radiation force and torque plots for a homogeneous cylinder versus kL in a zero-order standing
Bessel beam (8 = n/6, 0, = /6, p,,/po = 1, ¢,/ ¢y = 1.05): (a) Dimensionless acoustic radiation force (kA = n/4); (b) dimensionless

acoustic radiation torque (ki = 0).
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XV = (n/4) DL 2R T AR M (45) =X
ATLAE W, YRR B XRG4 7 sl T
BF, 7 S S X BRI O, R TR
LR

K 12 25 H T ZBr Bessel 313350039543 TE
R IH— A RS R KL AR AR L,
Hov 75 Y 2 HE B = /6, X FR Bl B A
O =m/6, D/LAy51 R 1/2, 1 1 2. FiF5KH %
JERNFE B2 ATV SRV E N o /po = 1, ¢m/co = 1.05.
XTI AL, SR SR 5 7 P 4 S 0 e —
L F 4351 R Fo = pgSo/ (2pocd) Ml 7o = LFy, H:
H1 Sy = (m/4) D? JEHEIE R F Ao R A e AL TR b
FETH R TR B kb = n/4 TFR SRS T
FERT I & kb = 0. 255 R, AR 4R
LRAE L < 1RYRAE B L8 2 E A, X R
ST RE T RS 8 /N A B 7 R 5 T e Rk
T EATEARTCC, 07 48 5 07 R 0 TC e R . 75
B 5 AR 0 5 1) ¥ TRl B 32 ) kL RN D/ L)%
M), AT ECIE {6

B 13 251 T kL = 0.5 15 —fk 5 4@ 5 J1Fn )
SRR X AR ) A AL R, RS HOE
HE 12 M. SHEIE R T 25 R,
LT 10 R AR I 1 6T 0 = m/ 2/l X B, HLAE
05 = /280 AR AR SO /M. 75 5 56 0 0 O
T 0, =n/28 X FR, HTE 0, =0,n/2, n JJH ¥l T
X FRIET 2.

2 R A AR R T B B /N R
&I (kD < 1,kL < 1), Ui A7 58 53 1 i eT
PR R i i =
IRV 1+ 22 )py (cos) P (eost)

F,
2poc3

+ foP1 (cosB) Ps (cosf3) } sin2k, h, (46)

poVE?

Y 7 9602 cos 3

[(fl + J; )Po (cos B) P1 (cos 3)

+ foPq (cos 8) Py (cos ﬂ)}
x (3D? — 4L?) cos 2k h sin 20;. (47)

(46) AN (32) 2L 52 MR], FRREGE Tk
- RSF 8 /N A Bl s e ) 0 e ROk - g LR
JEARTEK. (47) X5 DA LA K. B,

M D/L = 2/V/3WF, JCiE R4 % B A ], ks
TP I 2 SO TR g
fP R R T 10 T 5 T B A B

0.082

(a) — D/L=1/2
- -D/L=1
0.080 | D/L=2
_ 0078 - -
5
s
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0.074 |
0.072 . . . . . . .
n/8 mn/4 3n/8 m/2 bn/8 3n/4 Tn/8 m
0s
6
(b) — D/L=1/2
- -D/L=1
4r D/L=2
i
o
i
~
E
~
G
4}

0 n/8 m/4 3n/8 m/2 5n/8 3n/4 Tn/8 m
0s

Pl 13 B Bessel 3F I 37 .0 ¥ SR R+ 2 B (19 3 —
AT iR I T R HERE 0, 724K (8 = n/6, kL = 0.5, p,./po =
1, cpfcy = 1.05)  (a) JH—Fk 5 1 (kh = n/4); (b)
— LR 15 (kh = 0)

Fig. 13. The dimensionless acoustic radiation force and
torque plots for a homogeneous cylinder versus 6, in a zero-
=n/6, kL = 0.5, p,/po=1,
¢/ g=1.05): (a) Dimensionless acoustic radiation force (k.h =

order standing Bessel beam (8

n/4); (b) dimensionless acoustic radiation torque (kb = 0).

5.2 AEHEHEEKT
SARFERIE AL PR g | AJEXS) 1. [IRE%

JEORL %% BE A AN BE 2 A pn B AL TETE, OF
2 (40) RN (41) KPR L PER R, BAR, K
TR SEAT IR BEAS ] AR bR MR, f1 (2) +
fo () 20 fo (2 )TERETE LT 1) — 5 2 = —L/2 4%
BIBAE R fa — feFl fo — fo, TEH—%i2" = L/25}
BIBUEA fa+ f M fo+ fpo. ¥ (40) 2R (41) X
R (26) RN (27) 2UnT LAFS 3 L 75 48 5 Fn
A
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_ pgkV 21y (k. Dsinby)

F= 2poct k. Dsinb; {[faPo (cosB) P1 (cosB) + fcP1 (cosfB) Py (cosf)] x j, (k.Lcosbs) sin2k,h
+ [fBPo (cosB) Py (cosB) + fpPi (cosB) Py (cospB)] x jy (k. Lcosts) cos2k.h}, (48)
2
Ty = 96,05)003‘2%5{ [faPo (cos B) Py (cos B) + fcPy (cos B) Py (cos )]

D2 8J2 (k. Dsinby) .

X ¢os 2k, h sin 26, 3/@3 3
(kD sin 6;)

o (k2L cos ) — 4kz

2 2J; (k. D sin6y) 3j; (kL cosby)
k. D sin 6 k. L cos 0

— [fBPo (cos B) Py (cos B) + fpP1 (cos 3) P2 (cos 3)]

8Js (kD sinbs) 3j, (k,L cosbs)

2J; (k. D sin 6;)

x sin 2k, h lki’DZL sin 26, cos 6

X [jg (k2L cos 0s) — 2j, (k. L cos 95)]] }

(k.Dsinf;)®>  k.Lcosb;

+ 8k, L sin 0  Dsing
z S

(49)

MR (48) 2UAT (49) 3K, W] LU 20 AR B 50 BT R 09 7 48 5k 00 F0 3 SR AT 05 B, 3 FUORS P 40 R T
it —DELEED < 1,kL < 1H D < LITENL, (48) 2UAN (49) AT LU RIR IR A

kY

F, =0 ‘g{g[ faPq (cosB) Py (cosf) + fcP1 (cosf) Py (cosf)]sin2k.h
0

6p06

+ [fBPo (cosB) Py (cosf) + fpP1 (cosf) Py (cosf)]k, Leosbscos2k, h}, (50)

pakV L

Ty = — 35— 11faPo (cosf) Py (cosf) + foPi (cosfB) Py (cosf)] k. Leos2k hsin20;

~ 24pycd

+ 2[fBPo (cosB) Py (cosB) + fpPi (cosB) Py (cosf)] sin2k, hsin26;}, (51)

[FIFEHE, ZIEF kL < 1, FRAPR ARSI MER S5
S fp X AR 7 STERIE /N TR SO0
BIE fa TN fo, TIPS 58 565 0 0 0 A% B0 I 4p A R
XFTHARIE KT (fe = fp=0), (50) ¥Rk
H(46) 2K, (51) (HATFARIE A (47) . 2Bl
Z4y (51) AN D < LETHR S, W (51) =
i (47) e —2L

6 JE] B VA AN e 0B Y o

TESEPRI AR R A R A E A AE—E Y
RSN, IO AN R G M 23 X P AR A )7 A —
E FISZNR, DRI 20 PR AR A O 45 RAR B I
ARG 12 IR FIE, BRI P A P 32 50
L 3 g 5500

0=+2v/w, (52)
Kb, v=n/po R TR B 122 Fh i R B 0 2R
PRAR B ARG R B X T2 TR 1 kHz AR
M, PR R R EZA N 0.6 pm. X242

|
M R BEKIERLT, & SUH— G R R IR Ny
5 =6/R. (53)
HRAESCHR [70] TS, 775 B IR R
TR LT, SRR R AL f1 () PRAFAE, R
SR o (r) W27 0 R 152 2B 2

f2 (’I") _ 2 [1 - (T)] [pm (T) — Po (T)]
2pm (1) 4 po (1) = 3po (1)~ (r)’
Hrp

(54)

v (r) = f% [1+i(1+6(r)]o(r). (55)

— g, (54) AORE L. X HIRATH R R EE
PR Ol X T 9% B S A R AR A A R, A
fi(r) =0, BGIRFAYAE AR PO 2 280 Tt 1A 1) 2Rf i &
|15/ 55 SO 0 I A NG I /A N E R 2 = ) SN R
Bl (6> 1), MBS AR U R BRI — A~ S8k
H fa(r) = 2[pm (1) — po (1)] / (3p0 (T)).

Xt TSI ERIE KL T, (54) 525 M0 & T,
P 14 (a) FIE 14(b) 23545 T IR B 2
B fy B SEEB AN R B T —fb it B2 R 6 ARk
2k, Horboki 75 o] A 09 25 52 L 0 il By
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pm/po = 0.9, 0.95, 1, 1.05, 1.1. K THTHAL K 14(a)
WA IR IE T IH— (AL BE, 15— R T A BAE R
(6 =0) P EBECT REN SR (G20 Re (f20)).
MERRTLAE Y, BEE R T2 B XN, Re (f2) tLkE
I SRR, Re (f2)7E pn/po > 1
B S35 TR, TAE pim/po < 1B FEI8/NG
BTRE. 5ZA AR, Tk % Em
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ARG J5 08N, 786 ~ 0.5 Bk El i KAE. 1t
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Fig. 14. The dipole scattering coefficient f, plots for a ho-
mogeneous sphere versus § (a) Re(f2)/Re(f20); (b) Im(fz).
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-

Kl 15 FBr Bessel 51 I3 .0 B I BRIE KL 552 29 U7 —
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Fig. 15. The dimensionless acoustic radiation force plots for
a homogeneous sphere versus kR in a zero-order standing
Bessel beam (8 = n/6, k.h = n/4, p,/po = 1.1, ¢,/cy =
1.1): (a) Dimensionless acoustic radiation force; (b) differ-
ence of dimensionless acoustic radiation force in a viscous

fluid and in an ideal fluid.
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Born approximation of acoustic radiation force and torque for
an arbitrary particle in a zero-order standing Bessel beam®
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Abstract

The calculation of acoustic radiation force and acoustic radiation torque is an important basis for the
precise manipulation of particles. It is difficult to directly apply the partial-wave series expansion method based
on the classical acoustic scattering theory to the study of complicated models, while pure numerical methods are
not conducive to the parametric analyses of the system. Based on the basic principle of Born approximation, the
expressions of acoustic radiation force and torque acting on an arbitrary particle located in the center of a zero-
order Bessel standing wave field are derived at low frequencies. On this basis, the numerical simulations are
systematically performed by taking spherical, spheroidal and cylindrical particles as examples. The effects of
inhomogeneity on the acoustic radiation force and torque are also investigated. The simulation results show that
the Born approximation method has a high accuracy in the low frequency range. As the frequency increases and
the impedance matching between the particle and the fluid becomes worse, the accuracy of Born approximation
will gradually decrease. An acoustic radiation torque caused by asymmetry will be exerted on spheroidal and
cylindrical particles obliquely positioned in a zero-order Bessel standing wave field. When the particle size is
much smaller than the wavelength, the acoustic radiation force is nearly independent of the particle shape, but
this is not the case for acoustic radiation torque. Finally, viscous effect of the surrounding fluid is introduced
and the expression of acoustic radiation force is corrected accordingly. The study is expected to provide a
theoretical guide for the precise manipulation of small particles using standing wave acoustic tweezers in

biomedicine and material sciences.

Keywords: zero-order standing Bessel beam, acoustic radiation force, acoustic radiation torque, Born

approximation
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