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ABSTRACT: The use of acoustic waves to control and manipulate suspended particles in the fluid has
attracted particular attention in the last two decades. The propagation of acoustic waves in the fluid medium
may affect the suspended particles mainly by two factors. The initial effect of wave propagation directly
acts on the particles and causes the application of force on them via the fluid medium. In viscous fluid,
due to the wave attenuation and the formation of velocity gradients due to viscosity, the secondary fluid
streaming forms that can indirectly affect the particles. Due to the wide applications of this technology
in medical and biological fields and the complexity of the experimental work in micrometer dimensions,
there is a growing demand for analytic studies and theoretical insights on this subject. The subject of
the present paper is a review on the analytical studies of the mechanisms affecting the movement of
particles under the influence of acoustic waves propagating in the microfluidic systems. This review

Keywords:
Acoustofluidics
Acoustic radiation force

article presents a historical review of the early theories for the calculations of acoustic radiation forces Acoustic interaction force

and follows the progress of these theories up to the now. Also, a review of the existing research results,
problems and limitations, and the effect of different parameters on estimating these results are presented.

Acoustic streaming

1. INTRODUCTION

The separation and manipulation of suspended particles
in microfluidics has gained considerable attention during
the past years. This manipulation can be performed using Flow
a variety of methods. Some examples of these methods are inlet
magnetophoresis, electrophoresis, and di-electrophoresis. In
these methods, the particles are controlled and manipulated
based on their certain specific physical properties. The
use of acoustic forces, as another mean for manipulating
particles, has received special attention due to its prominent
capabilities. Unlike the aforementioned methods, the use of
acoustic waves is not constrained by the specific physical
properties of particles. The acoustic waves can manipulate all
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Fig. 1: Particle separation by acoustic radiation force

field has found a new character in today’s research activities

kinds of particles if they differ with the host fluid in acoustical
properties. Moreover, the acoustic waves are noninvasive
and do not alter the viability of the biological particles. The
applied frequency can vary from kHz to MHz to capacitate the
acoustic waves to cover a wide variety of particles. Studying
the method of acoustic forces can be helpful in effective
utilization of this method in sorting, mixing, separating and
manipulation of particles. Fig. 1 illustrates a schematic of
using ultrasonic acoustic waves in the separation of particles.
As shown in this figure, according to different acoustical
properties of different particles, type-A particles gather at
the pressure node while type-B particles migrate to the wave
antinode.

The study of the wave propagation and acoustic forces
in the fluid has a long historical background. This classical
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as acoustophoresis which means the study of particles
motion under the influence of ultrasonic acoustic waves.
In acoustophoretic manipulation, the particles are mainly
influenced by the acoustic radiation force and acoustic
streaming. The acoustic radiation force is a result of the
momentum transfer from the wave to the particle, while the
acoustic streaming is due to momentum transfer from the
wave to the fluid [1-3].

2. ACOUSTIC RADIATION FORCE

An exposed object to sound waves experiences a force
from the wave; the so-called acoustic radiation force. The
acoustic radiation force arises from the scattering of the
wave off the object surface due to the difference in acoustical
properties of the object and the surrounding fluid [4]. This
force originates from the nonlinear properties of the wave
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propagation in fluid medium and therefore is considered as
a nonlinear effect.

The acoustic radiation force values may vary in orders
of magnitude with changes in the particle type [4-8].
Furthermore, non-spherical particles may experience acoustic
radiation torque due to their geometrical asymmetry. In this
case, the acoustic radiation force direction deviates from the
wave propagation direction [9].

In viscous fluids, the formation of secondary acoustic
streamings around the particle may have a significant
contribution in acoustic radiation force [3, 10, 11]. Depending
on the boundary layer thickness in comparison with the
particle radius, the effect of corrective terms on the evaluation
of acoustic radiation force will be different. The thermal
effects, depending on the thermal boundary layer thickness,
can also emerge in the acoustic radiation force as additional
force terms [12-14]. According to the previous research
results, the thermo-viscous effects can remarkably change the
acoustic radiation force and even change its sign [15].

3. ACOUSTIC INTERACTION FORCE

The radiation forces are generally divided into primary
and secondary forces. The primary radiation forces arise from
the scattering of the incident wave by the particles and act on
the particles irrespective of their relative positions. On the
other hand, the acoustic interaction forces or the secondary
forces are due to the interactions of particles in the sound
field. These forces arise from the scattering of the waves
which are once scattered by other particles [16]. Fig. 2 shows
the schematic of the interaction between a pair of particles via
the scattered wave field.

In the case of large distances between the particles,
the secondary radiation forces are relatively small and the
particles are mainly driven by the primary radiation forces
[17]. However, for the case of small distances between the
particles, the secondary forces are considerable and can even
dominate the particles motion. Viscosity, in addition to the
weakening of the scattered waves, causes the formation of
shear waves in the viscous boundary layer around the particles
and hence affects the interaction forces. The streaming formed
due to viscosity can remarkably increase the interaction force
[18].
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Fig. 2: Particle interactions in an acoustic field
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Fig. 3: Rayleigh and Schliching streamings

4. ACOUSTIC STREAMING

The acoustic streaming is an additional steady flow field
which is formed apart from the oscillating motion of the
wave in fluid. Similar to the acoustic radiation force, the
acoustic streaming is a second order effect and results from
the nonlinear terms of the governing equations.

The acoustic streaming can be subdivided into two main
groups. Thefirstgroup includes theboundary driven streamings
including Rayleigh [19] and Schliching [20] streamings as
schematically shown in Fig. 3. Rayleigh streaming is due to
the relative velocity of the oscillating fluid with respect to
the surrounding boundaries. Rayleigh streaming results from
the extreme velocity gradients in the acoustic boundary layer
and describes the fluid flow out of this layer. The streaming
inside the boundary layer is called Schliching streaming. The
second group of the streamings which are formed due to the
large amplitude attenuation of sound waves in the fluid bulk
are called Ecart streaming [21]. Specifically, when the wave
attenuates as a consequence of momentum transfer to the
fluid, such an energy transformation emerges as the formation
of a steady flow called bulk dissipative driven streaming.

5. CONCLUSIONS

The factors influencing the particles exposed to the
acoustic waves can generally be classified into two main types.
The first type which is due to the direct influence of the sound
wave on the particles includes the primary and the secondary
radiation forces. The primary radiation forces arise from the
interaction of the incident wave with the particles and cause
the particles to migrate into wave nodes/loops depending on
their acoustical properties. The secondary radiation forces
appear due to the interactions between the particles and cause
the particles to attract or repel each other depending on their
configuration related to the wave direction. The second type
is related to the indirect effect of the waves on the particles.
The propagation of the waves produces a series of secondary
streamings which affect the particles via drag forces.
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4  Wave Refraction
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Fig. 3: Critical values of the acoustic contrast factors in
King and Yosioka formulations
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Fig. 4: Acoustic streaming around the particle in viscous
fluid [54].

49

el sl bl (SemsST (22 (55505 ailne T
5 JUg,Se (o8ly So5d 4 a2z gl L gonSy bl zge (555!
IRCH RIS KCCS [ U RPN [P UWRTE S A LR P SVES
B S Oloylyy Y by, 5l ealil L V] Syan
OLBes 5 B 0,5 aulone Sy Jlow o ailgiul ol )
b Jae slp 1y Jlow) Jlews 5o ailsial 2 8)l5 i (9,5 [FA]
'obej 0557 40 Sgame JOl b il ookl b (amgs uiaSed
b s 3l Joo ol s a5 wiols oLt layT is 8 apulons
2 )y il oy [FA] Jbgo 5 Silg o)l Ldos Jo ol
Ligoo,S ouyp hlod Sgo ]SS 0les (e 5o allgial
0))925 1 gy 2 30,5 draline (G308 D y90 & T3 game w2 (29
) soriins yme 050323 b (55190 Tao Cowi 0,3 a5 was oo LaS
Jodo 4 asly aS o5 b gae 05 o ol pls 4 e B
Sl S e (b |y (somie Sy 5 0B O] Q3 o)l 392
& S)rgeyd 5 Sl dinly 50 90 ) S 0,5 alol 4 S
3,05 0,3 3 65wl olens il g0 B oyl 4 olges 3l e,
o dgaze Ll g, 3l soliul L [0 ] oL Ken 5 5sm oS
30,5 &l Sl aal> I3 0l il (g9 dwle 5l
arg L) G20 sy Laalsl 5 Wandn o9, 605,50 b o]
ol Joe &1L lasT wis S aploe 0,3 5l zae L3l e 4
5095 drlone Slailgitnl 5 Span «59,5 DS sl 95 597
5 5955 [0V] (iSan 5 )5 50 S dnlie (Ll J>
L Szss U5 Swd D3 o)l (SemsST ol ,5kss
5 oS o L) eove mls 5 008 anlne goue () @
il 55l oS aisls las o] .ais S mwions 0,28 gl
3l Jlaae SO lil 4 g oogr JSKG Sy )8 Cwlbs Al

WS e g Ty 0e5 Aoy Jlade Sugs culbes

555ty Jlms 53 (SesS | (225 (59508 -V-Y
dnls glp aS Sboy (ke pgo 4 o jLid Jloasl Jlw o

M)A LSLQUL.\.HQ o> g nb)..fsa )‘)5 o\)lﬁ...w‘ 0)5.40 Guul_v 65)*:

20 Ngh dnwlze Jl 4o ol slaglae 5 ool > e

1  Time Domain Finite Difference Method
2 Finite Volume Method



VAT 1120 Slxio ATAQ L V o)loud @Y 0,93 ¢y el SeilSo puoigen 4 s

(5“’5) <99 u‘.\.uo 6)5J|)iu‘ )‘ oolauwl L> ‘smala 65).«.) Ml?m
95y Jlow 50 Sz S p o)y (LB (G5 e (s
olg3ds 0,8 glads i 1y (6500 Y Culies ojlul o] ais,S 4l )|
absl) Sjgo @ iy (ol e o ol a5l
ooy |y 093 aS wis )5 slaion BeS )68 alolas PMLal sl (A)

A0 oo lid dades il
2[1-r(3)]3-1)

5]
2p+1-3y()

f>(p.6)=
~ 0
Sl j98uny (65 oY Coles I b 7(5=;j alyly ol yo
23 oo 8 53l o BsS 555 Jseyd o |y stz 5l e AT
2 (sibdss o po sl Jlow (JB 4103 Q&’Mﬁzgs
0

Sygo |y o] g o a8 ol lalises (goae Cdd> 4o (A) abal,
udigs () abaly ©)y90 4 (09890 5 (Ard Do
S re 2[1—y(5)J(ﬁ~—1) |
2p+1-3y(5)
6(1-p) (1+5)5

(1+25) +9(1+2,5)5+821(52 +5° +;54j

QY]

51 oolaal b [00] JLLT o L3 ous a5l)) sloay b5 JoaS5 o

Jbw 53055 2 0)ly bawgite 595 sl labaly 595 las (o)
amlie JB zoedob hlie ;o 0,3 ojlwil &5 > )0 a8y
Sl 890 g (BT slap 5 a5 ols Hlis gl o yel vy il
o Syl odle (g aits (BB Lasgie (6950l
GRSl sl 0ol zge b (haBss 9 (hESS lap S pgd
WS S 0 op (orbiBys g (ST slap 5 395 (e py 45
b3l b o,3 a0y (go,m als las a8 VY] e D5 5 08
ol JUbT Jlow gl b oo Gl las & g0 05 glas
LT imgd 1o 0,008 2315y ala, gl b gy ol 45 a0 oo
bgie $9500 » I S 9 Sl 5 (Seilocars i joSmy ]
W jgSamg Rl S ol LS ghiald (o) o SIS o)
@ 2l o l Jy o9dee Lawgte (95 Bl Sl o]
6 9 2 AT S A ey Sl ol b iboe (Rl

& am3 e GBI 1) (o2 g 5 (S e (al3H IS

Cewddy j9Sansl Jlow jo 4zl b oS8T Job 4y 598y Jlow
bsgi a5 53S0 jLad (ol jsba sl Sglite g
Sz )3 05 S Wb Jlosl Glamio gyin zoe
Sl ol oS (Al sl Glad cpl Gizres 098 o0 e La]
8 5l 58 n Jleelgge S B g anil jeaboe wle JoIs 5
Sl @lbee gz 5ol 55 Gl Guilis) (lS 3 5l (i
Caz o Sl gl 4 ol b ol o osd e Jlesl zse
Toe oS ol gk Ceows 4 WS IS > 4 £9,0 gge ,Lak]
S9 Jlosl Jlow y0 a5 conl Jb>jo cpl oS (0 5 > Sgeo
»opdle Al 050 5 )ls g0 jlatil cgz o ten 05 2 )5
Lly) 10 j95umy (Mol p 5 (abadlol 4 azgi b BeSngo ol
Ll 4555 9979 45 ol GLAS ¢l (5508 sl ool Cesoay
BSengs S5 se (Foo (e ) e & SS9y Jlos!
Caled Sl G5 s 0,5 gl oS (50,0 a5 85 a
Soxs 9 95 S e anjeSiny Sl Olgioe Bl 5 eaY
3 e ee JSE5 1) 0y o)ly (S 59y sdes iFu (LB
0,5 gled 5l F S, b g A peen 5 eaY Cubs ST Jl>
S Slodes mpm g 039 (Sppiar BByt 4 oSy Sl b
250808 5 3ly (95

o 0)3 o 0)ls nSiles 59y [A] Bgig e 5 Bolils
PR b SesST lage co 55y Sl 53 1) 59,5 SzsS
5% S90S drule Ay laglase pog nleSTS
39290 () ol 5l (AL Iy 59l (egerme Djgon
S gl Slitts 5 boe,w o Jold (SDlaz 50,8 Ol o
Sols ylid ] 05 o dwle wiiad 03)ly Hloue 4 by e
sbagles (99 ndleS1F (23 L Wlgioe 95 (ol Slewlna oS
&S @l b hid Jlw s pdeST5 R ole & 0gd plsl Ay
ad, 8 Sl o csl a3V 0gd 00 )lg e s sla Lol I oloul g
D¢

olgds o3l b o)S  slp 1) (ol 598 BeSings &Snl b
glad &S s gu> Sl g0 jo ], 05wl ol (Jg 0,5 Al
©Dge j9wmg Siye 4 Culd g zee Job b anmlie LB oS

S BeS 65 g, ) eolitul b IVV] gy g it 05w

1  Mean Force

1Y



VAT B 140 Slxies VYRR Jlo ¥ 0)loud @Y 0553 S ol SeilSlo puoino &y

e 5 00l (S 1) Oyl 5 el 6,55 o] S oo
eor 3 L Jbw 5o Gl sl OlS slaggeadsel 5o 9o
5lSe byl il a5 ams e olis bl LS s is,S
2 Ose 2l Gl 0 S iz b glle o)l Jlasl
o) 5 8)ly il 59w [F) 5 8] Sily g J 0l logygadgal
SiwsST by aS wols ylis byl L0658,5 cwy 0 |y 0,5
Oyl @i bl g ead o5 SLbl s &)l 25y el
Sl sy Jloel a4 jaie Coles po g ools el ] 6,5 S
A dalg> 0,5 4

1y Sl 50,5 gl > JES! LA RRY Lo 45 Sty g0
Gy 9 285 Sl )0 (oSl Yol 4y (655 alolas (0 Saslal
4 Cod Gl 0510 3 603 e a5 Glo)S 2 0)ly (SwsST (L0
oL VY 5 YT 5 ailons cans 558ms 5 )= slagse Jsb
Slp Slgiee a8 0,5 @l 20 950 Ole sl BT ©)le S
4 59,5 alugy g cbo b SVl oS (s o)kl IS Sl
b lp Sl ce 1) (2 6o IS Sl o sl o)
1y ol Bgdso i S1a 0590 0,5 £gi jloolitul b aS o5 Lo
S| ol slaghee (o poo adiye lagliee sl
9l S5 510l (5, 090 A e i 205 4S5 (558
30,8 debre 5 Sl g0 gl g i zaesb e3gaze 3 1,
ol 5 j9Smy (50 Y Culd 4y Cud 0)3 o3ll Jgl 2>
SR Glg e Dge cnl 0 &S Sl 355 (Sl 650 Y
@ S 0)3 o3Il pgs Ll 0 05 I8 0 59 5 (Sl
P82 il i Y Sulid g 55y 50 4 Culis
slabi>de BB 5y 5 ()l Slpl Sipe cnl o oS
Zloel jo S @lyd a8 5,5 cdnline (piores gl 05l o cawlin
45 A S M gz o b ke Ceos 4y iilgioe 55t
el ()l Sl 8 8 sl LA RS, Gl

Hbrt p e BSinss J> Cgogaze [Ye] Gl )ls
Sl G slaY slacwls bo,yd glads olail jogs anglis
039de ;5 (59,5 03 lp |y ()l Sl g cuslon ) oSy
ool 5 (V] Guiiter (955 5111, (sl (59505 51 05" (gm 2 (s
Al Sl 55l Cusoay g Jgl alaz 50 S5z e b ||

) b G 2 j9umggey OIS Guizmen ol 0,5 aulxe

Y

g3 cnl fodo audie Sl 0)d a> ar 0)8 aESLeE b a5 g0
e oo gl

Jlesl 5 Gbiee Jlws sl abjsSany 28 5,054 L
Cdle s o SeimwsST il (59, Jga b 50 555y slap
Glyd had sl (b Sjge 4 il e S e Slo @ g
lie g (225 gy b [0F] jlew 5 o) 05800 cunline
olid Belsls g gy (B9 lawgy ouddsl )l Lo sla >
FSzsS D3 gl aS ol vg2g gl glad o3l SO as wisls
03k e3gume [z S9dise (S (L oy Zaz ol
O Llow S 5o o Bl jlade 4y S Sl e 0]
D) (S

Ghgy 3 el b [OV] (San 5 Lotn) (e (53U
) s9%my Jbm jo o o5 Jom (SeisST by (S gl
Soay ) eolizul b Tzl lapl oS > Llos das & jp0h
Shoslial b G g aslne | sl a0 slaglane (oladoiz
o) o) a1y (SezaosST 0l 2 O¥olae (uSgil s,
a o Jemily Glas w55 Jsl oy an 5l eslaal a5 wisls las
[P B5Sizgo )55 L1, 055 @l (izmod lagy] Ll 3IS™
03gaze ;0 (S giwl gy ulls Wols lid g 08,5 iwlore
CeblB gy ol Cage ol cdillas BeSige mli LAY (slas

! 6‘0)5 O Lgl.bs).u X9 prevee u‘)b Slows ubj)s‘

5559t Sl AT Jlael b Jlow 50 (SeimosS T (o206 (59,00 -Y-F
2 g8y SISl gy aagys ead SO slagiagh

ol 1) o Shaalie Sl (6 )lms 425 o SasST 2 (590
B S s mls ©85 5 (5,55 Camges Hlaiakiil s w0 S o0
O] G295 4 Dgo il > Sl SIS aslllas ails
@l Ol pgs 4 pe coyi b lagT 00 8 o3l [0A] & o ts
O o225 ool L1y 093 gzl 5 43,5 ojlul 1) zge
alizes sl pilS 3 sl 4 an Sl 40 Bgo Wizl sdel o
Sy gl 5 odx (0] Jola o 1,ST caslsl jo .00, anglie
Ol 9 03,5 (owyp (2 5 Llod Djge o lapygeadsel o )

oy |y 00 @S o9 4 O)la)lS g sl (5985 45 wol

1 Fixed-Rigid Particle



VAYE B 1800 lorio AYAA L ¥ 0)lasd @Y 053 yusS puel Silso suntino a3

) S Incident wave
First-order scatterin

Secend-order scattering

SainsST oyl 33 153 Jolai 0gos F S5

Fig. 6: Particle interactions in the acoustic field.
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Fig. 5: Effect of adding viscous and thermoviscous
corrective terms on acoustic contrast factor [20]
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