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,Q� VRPH� UHFHQW� VWXGLHV��WKH�PLFUROHQV��'�DUUD\�PRGXODWHG�E\�DFRXVWLF�

wave� is� ¿rstly� proposed� and� the� capability� to� use� it� to� design� optical�
WZHH]HUV��'�DUUD\�WKHRUHWLFDOO\�LQYHVWLJDWHG��L�H���WKH�GHSHQGHQFH�RI�LWV�

IRFDO�OHQJWK�DQG�LWV�QXPHULFDO�DSHUWXUH�RQ�WKH�WKLFNQHVV�RI�WKH�DFRXVWLF�

HODVWLF� PHGLXP� �$(0�� LV� GLVFXVVHG�� ,Q� WKLV� SDSHU�� WKH� FRQGLWLRQV� IRU�

PLFURSDUWLFOH� WUDSSLQJ� DV� WKH�PD[LPXP�JUDGLHQW� IRUFH� ODUJHU� WKDQ� WKH�

necessary� force� (>�0.01pN)�and� radius�of� trapping� region� satis¿ed� the�
di൵ractive�limit�(R

WUDS
!λ),�are�discussed�to�¿nd�out�the�suitable�collection�

RI�SDUDPHWHUV�

.H\ZRUGV��

acoustic,�optical�
tweezers

microparticle�,�trapping
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Trong�một�số�nghiên�cứu�gần�đây,�mảng�vi�thấu�kính�2D�được�điều�
chế�bằng�sóng�âm�đã�được�đề�xuất�và�khả�năng�sử�dụng�nó�để�thiết�
kế�kìm�quang�mảng�2D�đã�được�nghiên�cứu�về�mặt�lý�thuyết,�tức�là�
sự�phụ�thuộc�của�tiêu�cự�và�khẩu�độ�số�của�nó�vào�độ�dày�của�môi�
trường�đàn�hồi�âm�(�AEM)�sẽ�được�thảo�luận.�Trong�bài�viết�này,�
các�điều�kiện�để�bẫy�các�vi�hạt�như�lực�gradient�cực�đại�lớn�hơn�lực�
yêu�cầu�(>�0,01pN)�và�bán�kính�vùng�bẫy�thỏa�mãn�giới�hạn�nhiễu�
xạ�(Rtrap>λ),�sẽ�được�thảo�luận�để�tìm�ra�bộ�thông�số�thích�hợp.�Từ�khóa:

âm�thanh,�kìm�quang�học��YL�
hạt,�bẫy�

1.�INTRODUCTION

7KH� RSWLFDO� WZHH]HUV� DUUD\V� �27$�� WR�

PDQLSXODWH� DQ� DVVHPEO\� RI� QDQRSDUWLFOH� LQ�

VSHFLPHQ� DUH� SUHVHQWHG� LQ� D� ORW� RI� SUHYLRXV�

ZRUNV��)RU�H[DPSOH��'XIUHVQH�et�al�KDYH�FUHDWHG�

WKH�PXOWLSOH�RSWLFDO� WZHH]HUV� IURP� D�VLQJOH� ODVHU�

beam� using� the� di൵ractive� optical� elements� and�

VHW�XS�WKH�FRPSXWHU�JHQHUDWHG�KRORJUDSKLF�RSWLFDO�

WZHH]HUV� �+27�� DUUD\V�� ZKLFK� DUH� LQWHUHVWHG� E\�

:HL�:HL��&XUWLV�et�al�KDYH�VLPXODWHG�WKH�G\QDPLF�

of� HOTs;� Jesacher� demonstrated� the� di൵ractive�

RSWLFDO�WZHH]HUV��'27��EDVHG�RQ�)UHVQHO�UHJLPH��

ZKLFK� DUH� LPSURYHG� E\� )HQJ� LQ� ����� DQG� 6RZ�

et� al� VXFFHVVIXOO\� DFKLHYHG� WKH� PXOWLSOH�VSRW�

RSWLFDO� WZHH]HUV� FUHDWHG� ZLWK� PLFUROHQV� DUUD\V�

IDEULFDWHG�E\�SURWRQ�EHDP�ZULWLQJ��$OO�PHQWLRQHG�

RSWLFDO� WZHH]HUV� DUUD\V� RSHUDWH� EDVHG� RQ� WKH�

VSDWLDO�PRGXODWLRQ�RI�VLQJOH�ODVHU�EHDP�E\�RSWLFDO�

HOHPHQWV�� ,Q� RWKHU� ZD\V�� EDVLQJ� RQ� VSDWLDO� RU�

WHPSRUDO�FRQWURO��7DQDND�et�al�PDQLSXODWHG�SDUWLFOHV�

E\�RSWLFDO�WZHH]HUV�FRPELQHG�ZLWK�WKH�LQWHOOLJHQW�

control� techniques� and� Pornsuwancharoen�

SURSRVHG�WKH�QRYHO�G\QDPLF�RSWLFDO�WZHH]HU�DUUD\�

XVLQJ� GDUN� VROLWRQ� FRQWURO� ZLWKLQ� D� $GG�'URS�

multiplexer.� Recently,� X.� Ren� et� al� LQYHVWLJDWHG�

VXFFHVVIXOO\� RSWLFDO� WZHH]HU� DUUD\� V\VWHP� EDVHG�

RQ��'�SKRWRQLF�FU\VWDO����
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8S� WR� QRZ�� WKH� DFRXVWR�HODVWLF�PRGXODWLRQ� LQ�

AEM�has�been�proposed�to�use�for�partial�reÀection�
RI�OLJKW��DV�EHDP�VSOLWWHU���DQG�WKH�%UDJJ�FHOO�KDYH�

IRXQG� QXPHURXV� DSSOLFDWLRQ� LQ� SKRWRQLFV�� ,W� LV�

JUHDW��0F/HRG�DQG�$UQROG�KDYH�GLVFXVVHG�DERXW�

the�tunable�acoustic�gradient�index�lens�in�liquid,�
WKDW� LV�D�JRRG� LGHD� WR�GHVLJQ� WKH�RSWLFDO� WZHH]HU�

�'�DUUD\�

So,� based� on� the� acoustic-elastic� e൵ect,� in�
previous�our�work,�we�have�¿rstly�proposed�using�
WZR�SHUSHQGLFXODU�XOWUDVRQLF�ZDYHV�IRU�FUHDWLQJ�WKH�

�'�DUUD\�RI�PLFUROHQVHV�LQ�$(0�DQG�LQYHVWLJDWHG�

WKH�FDSDELOLW\�WR�GHVLJQ�WKH�RSWLFDO�WZHH]HUV�DUUD\�

with�it.�However,�there�is�a�question�what�are�the�
YDOXHV�RI�SULQFLSOH�SDUDPHWHUV�DV�WKH�ODVHU�SRZHU��

acoustic� frequency� and�AEM� thickness,� etc.,� for�
ZKLFK�WKH�RSWLFDO�WZHH]HU��'�DUUD\�ZLWK�PLFUROHQV�

modulated�by�acoustic�waves�satisfy�the�di൵ractive�
OLPLW�� DQG� LWV�JUDGLHQW� IRUFH� LV�KLJKHU� WKH� FHUWDLQ�

necessary�force.�The�answer�of�this�question�is�the�
SXUSRVH�RI�WKLV�DUWLFOH�������

2.�THEORETICAL�REMARKS

7KH��'�GLVWULEXWLRQ�RI�UHIUDFWLYH�LQGH[�LQ�$(0�

�)LJ��D�� FDQ� EH� FUHDWHG� E\� WZR� DFRXVWLF� ZDYHV�

SURSDJDWLQJ� SHUSHQGLFXODUO\� HDFK� WR� RWKHU�� 7KH�

expression�of� refractive� index�in�plane� (X,Y)� �is�
JLYHQ�DV�IROORZV�

( ) ( ) ( )�� � � � �Q [ \ Q Q FRV [ FRV \π π= −∆ Λ + Λ   ������

ZKHUH� Q � LV� WKH� UHIUDFWLYH� LQGH[� RI� $20�

�$FRXVWR�RSWLF�PDWHULDOV��LQ�WKH�DEVHQFH�RI�VRXQG��

��
�

�

�
VQ 0,D =
����

����

LV�WKH�UHIUDFWLYH�SHUWXUEDWLRQ�E\�DFRXVWLF�ZDYH��

�

� �

�

V

Q
0

J9

g
=

�� ���

is� the� ¿gure� of� merit� for� the� strength� of� the�
acoustic-elastic�e൵ect�in�AEM,

V, LV�WKH�DFRXVWLF�ZDYH�

LQWHQVLW\��γ �is�a�phenomenological�coe൶cient�known�
DV�WKH�SKRWRHODVWLF�FRQVWDQW��VWUDLQ�DFRXVWLF�FRQVWDQW��

RI�$(0��
V9 �LV�WKH�DFRXVWLF�ZDYH�YHORFLW\�LQ��$(0��

J �LV�WKH�PDVV�GHQVLW\�RI�$(0��DQG�L �LV�WKH�DFRXVWLF�

ZDYHOHQJWK�

From�Fig.1a,�we�can�say�that,�the�AEM�becomes��a�2D�array�of�microlenses,�one�of�them�has�the�

refractive�index�distribution�of�in�area� � � � �L ´L �as�shown�in�Fig.2b.�The�expression�of�the�
refractive�index�distribution�can�be�approximately�rewritten�as�follows:

( ) � �

�

�
�� �

�
Q 1ρ α ρ= −

��
�
��������������������������������������������������

���

ZKHUH� � �� � � �[ \r-L £ = + £L �LV�WKH�UDGLDO�

GLVWDQFH�IURP�WKH�PLFUROHQV�FHQWHU��WKH�FHQWHU�RI�

DUHD� � � � �L ´L ���

� ��1 Q Q= + D � � �

�

�

�� Q

1
a

D
=

L
�� ���

:LWK�WKH�UHIUDFWLYH�LQGH[�GLVWULEXWLRQ�DV�VKRZQ�

in�Eq.�4�(see�Fig.1c-solid�curve),�the�AEM�layer�in�
D�F\FOH�ZLWK�UDGLXV�RI� � �L �LV�VHHQ�WR�EH�D�*5,1�

(Gradient-Index)� cylinder.�Using� Eq.4,� the� focal�
OHQJWK�RI�PLFUROHQV�LV�JLYHQ�DV�IROORZV

�

�

�
V
I

1 Ga
=

���

�����
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ZKHUH� G� LV� WKH� WKLFNQHVV� RI� � *5,1� F\OLQGHU��

Using�Eq.2,�Eq.5�is�rewritten�as�follows:�
��

�

� ��� ��

V

V

V

9
I

n d n dF
L

= =
D D � �

������

&RQVLGHULQJ� EHKLQG� $(0� LV� D� SDUWLFOH� ��

embedding� Àuid� with� refractive� index
P
Q �� WKH�

QXPHULFDO�DSHUWXUH�LV�IRXQG�RXW�DV�

�� ��

� �

V P V P V

V

MI dn MI dn F
1$

9
= =

L
�� ���

7KH� ODVHU� EHDP� SURSDJDWLQJ� WKURXJK� WKH�

PLFUROHQV� ZLWK� GLDPHWHU� � �'=L � DQG� IRFDO�

OHQJWK�
V
I � ZLOO� EH� IRFXVHG� DQG� LWV� LQWHQVLW\�

GLVWULEXWLRQ�IROORZV�WKH�$LU\�SDWWHUQ��&RQVLGHULQJ�

WKH�ODVHU�EHDP�LV�SODQH�ZDYH�ZLWK�FRQVWDQW�DYHUDJH�

SRZHU
�3 ��DIWHU�IRFXVLQJ�E\�PLFUROHQV�� WKH�SODQH�

wave� beam� is�modi¿ed� to�Gaussian� one� (Fig.2)�
ZLWK�LQWHQVLW\�GLVWULEXWLRQ�JLYHQ�DV�IROORZV�

�

� �

�
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�
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ZKHUHλ �LV�WKH�ODVHU��ZDYHOHQJWK�
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LV�WKH�SHDN�LQWHQVLW\�DW�WKH�IRFXV��
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��� ��

V

V

9
$

F
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LV� WKH� DUHD� RI� WKH� DFRXVWLF� PLFUROHQV�� L�H�� WKH�

FURVV�VHFWLRQ�RI�WKH�SODQH�ODVHU�EHDP��DQG

�
�

�

��� ���

��

V V

V

I 9

n dF
l l

r = =
L D

�� ���

is�the�di൵raction�limit.�

Fig.�2��Cartoon�illustrating�the�construction��
of�the�optical�tweezer�using�microlens.

&RQVLGHULQJ� D� SDUWLFOH� ZLWK� UDGLXV� D �

DQG� UHIUDFWLYH� LQGH[� SQ LV� ORFDWHG� DURXQG�

IRFXV� RI� PLFUROHQV� �)LJ����� L�H�� DW� SRVLWLRQ

( )� � � � � � �
V
I ρ−Λ ≤ ≤ Λ �� WKHQ� RQ� LW� DFWV� DQ�

RSWLFDO�JUDGLHQW�IRUFH�JLYHQ�DV�

( )
�

�
� �

� � � � �

� �

�

� � �

/

JU

, PF n a exp
P

ρ
ρρ ρ ρ

ρ ρ

   −
 = − −  +      

 �����

ZKHUH� ��SP Q Q= LV� WKH� UHIUDFWLYH� LQGH[HV� RI�

particle�and�Àuid.�

$V� VKRZQ� LQ� D� ORW� RI�ZRUNV�� WKH�PRVW� RI� WKH�

PLFURSDUWLFOHV�ZLOO�EH�WUDSSHG�LI�WKH�RSWLFDO�IRUFH�

LV� DERXW� IURP� ����S1� WR� ���� S1��ZKLFK� LV� VHHQ�

DV� D� PD[LPXP� IRUFH� FRQGLWLRQ� IRU� WUDSSLQJ� DQG�

WKH� QXPHULFDO� DSHUWXUH� �1$�� RI� RSWLFDO� V\VWHP�

XVHG�IRU�RSWLFDO�WZHH]HU�PXVW�EH�KLJK�� ���1$³ ���

6R��WR�XVH�WKH�PLFUROHQV�DV�DQ�RSWLFDO�WZHH]HU�IRU�

PLFURSDUWLFOH��WKHUH�DUH�IROORZLQJ�FRQGLWLRQV�PXVW�

VDWLVI\�� L�� ���1$³ ;� ii)�The� di൵ractive� limit� (or�
*DXVVLDQ�EHDP�ZDLVW���

�ρ �ZLOO�DOVR�EH�WKH�UDGLXV�

RI� WUDSSLQJ� UHJLRQ�� WUDS5 �� VR�
�ρ λ> � DW� OHDVW�� LLL��

� ����
JU PD[

F pN> �� L�H�� WKH�PD[LPXP�JUDGLHQW� IRUFH�

LQ�WUDSSLQJ�UHJLRQ�LV�ELJJHU�WKDQ�WKH�WKHUPDO�IRUFH�

RI�PLFURSDUWLFOH��

$OO� SURSRVHG� FRQGLWLRQV� GHSHQG� RQ� WKH�

SULQFLSOH�SDUDPHWHUV�DV��XOWUDVRQLF�ZDYH�LQWHQVLW\��

frequency,� thickness�of�AEM�and�laser� intensity,�
which� are� shown� in� Eqs.3÷13.� These� questions�
ZLOO�EH�LQYHVWLJDWHG�LQ�WKH�QH[W�VHFWLRQ��

3.� THE� LIMIT� CONDITIONS� FOR�
TRAPPING

As� shown� in�Eqs.� 3÷13,� for� the� certain�AEM�
with� given� ¿gure� of� merit,�M,� consequently,� the�
XOWUDVRQLF� YHORFLW\�

V9 � LV� JLYHQ�� � WKH� LQWHQVLW\�

GLVWULEXWLRQ� ���� DQG� RSWLFDO� IRUFH� ����� GHSHQG� RQ�

WKH�ODVHU�SRZHU��
�3 ��XOWUDVRQLF�LQWHQVLW\��

V
, ��$(0¶V�

WKLFNQHVV�� G ,�and�ultrasonic�frequency,�
V

F ��H[FHSW�

UHIUDFWLYH�� P � DQG� SDUWLFOH� UDGLXV�� D �� RQ� ZKLFK�

RSWLFDO�IRUFH�GHSHQGV�RQO\��

:H� FRQVLGHU� D� JODVV� SDUWLFOH� ZLWK� UDGLXV

��D QP= � DQG �����
S

Q = embedded� on� Àuid�
ZLWK� �����

P
Q = �� WKH� $(0� LV� WKH� H[WUD�GHQVH�
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Àint� glass� (EDFG)� with �� ����� �� �0 P :
-= ´ ��

����G FP= � ����Q = DW� RSWLFDO� ZDYH� OHQJWK�

1.15μm� modulated� by� ultrasonic� wave� with�
���� �

V
9 P V � ZLWK� FRQVLGHULQJ� WKDW� EHKLQG� LW�

the� embedding� Àuid� of� trapped� bio-molecule� is�
ZDWHU�RI� �����

P
Q = �

&RQVLGHULQJ� D� FDVH� RI� XOWUDVRQLF� LQWHQVLW\�
���� �

V
, : FP= �� WKHQ� �

�
� ��Q

-D » ´ �� (')*¶V�

WKLFNQHVV� ���G PP= �� ODVHU� SRZHU�
� ���3 P:=

��7KH�JUDGLHQW�IRUFH�GLVWULEXWLRQ�ZLWK�WZR�DFRXVWLF�

frequencies� ���
V

F MHz= � DQG� ���
V

F MHz= � DUH�

SUHVHQWHG� LQ� )LJ�� �� DQG� WKH� GHSHQGHQFH� RI� WKH�

PD[LPXP�JUDGLHQW�IRUFH�DQG�WKH�UDGLXV�RI�WUDSSLQJ�

region� on� the� acoustic� frequency� is� presented� in�
)LJ�����

Fig.�3.�Force�distribution�with�two�acoustic�frequencies:100MHz�(a)�and

)URP�)LJ���DQG�)LJ����ZH�FDQ�VHH�WKDW�WKH�PD[LPXP�JUDGLHQW�IRUFH�DQG�WKH�WUDSSLQJ�UHJLRQ�FKDQJH�

with�di൵erent�frequency.�The�optical�gradient�force�is�enough�to�trap�the�microparticle.�However,�when�
the�acoustic� frequency� increases,� the�gradient� force�increases� too,�but,� instead�the� radius�of� trapping�
UHJLRQ�� WUDS5 LV�GLVWDQFH�EHWZHHQ�FHQWHU�RI�WZHH]HU�WR�SRLQW��ZKHUH�RSWLFDO�JUDGLHQW�IRUFH�LV�PD[LPXP��

GHFUHDVHV��VHH�)LJ�����7KLV�SKHQRPHQRQ�JLYHV�XV�WR�HQKDQFH�WKH�VWDELOLW\�RI�WKH�QDQRSDUWLFOH��EXW�WKH�

trapping� capability�decreases,�because� that� it� is� di൶cult� to�manipulate� the�microparticle� locating� far�
DZD\�IURP�WKH�FHQWHU�RI�WUDSSLQJ�UHJLRQ��

Fig.�4�The�dependence�of�the�maximum�gradient�force��
(a)�and�radius�of�trapping�region�(b)�on�acoustic�frequency.
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0RUHRYHU�� DV� VKRZQ� LQ� )LJ��E�� LI� DFRXVWLF�

frequency� is�higher�than�130�MHz,�the�radius�of�
WUDSSLQJ�UHJLRQ�LV�VKRUWHU�WKDQ��—P��7KLV�UDGLXV�LV�

comparable�to�the�laser�wavelength.�Consequently,�
this� let� us� meet� the� di൵raction-limit� problem.��
So,�we�¿nd�out� three�limit�conditions�mentioned�
DERYH���

For� the� ¿rst� condition,� we� examine� the� NA�
of� microlens� appeared� in� extra-dense� Àint� glass�
�(')*��� :LWK� SDUDPHWHUV� JLYHQ� DERYH�� WKH� 1$�

GHSHQGV� RQ� WZR� YDULDEOH�
V, DQG

VF LV� REVHUYHG�

DQG� SUHVHQWHG� LQ� )LJ���� )URP� )LJ��D�� ZH� FDQ�

VHH� WKDW�� LQ� WKLV� FDVH�� WKH� 1$� UHDFKHV� ���� ZKHQ�

intensity� and� frequency� of� ultrasonic� wave� are�

FRUUHVSRQGLQJO\�HDFK�WR�RWKHU�FKRVHQ��IRU�H[DPSOH��

���� �V, : FP= �DQG� ���
V

F MHz= ��$V�VKRZQ�

in� Fig.5b,� the� ¿rst� condition� to� use� EDFG�with��

G� ������FP�WR�FUHDWH�PLFUROHQV��ZKLFK�RSHUDWHV�DV�

IRFXVLQJ�V\VWHP�ZLWK� ���1$= ,�will�be�satis¿ed�

LI� WKH� FROOHFWLRQ� RI�SULQFLSOH�SDUDPHWHUV�PXVW� EH�

FKRVHQ�DV�

�� �

�

���� �� � � ����

� ���� � � ���� �

� �����

V V V

EDFGM m W d cm

Ultrasonic wave I F W cm MHz V m s
Embedding fluid n

-ìï = ´ =ïïïï = =íïï =ïïïî ���

�����)

����
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Fig.5.��The�dependence�of�numerical�aperture�on�acoustic�wave�intensity��
and�frequency�(a),�and�on�product�

V VI F �(b).
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Eq.� 16� means� that� the� radius� of� trapping�
region� is� equal� to�di൵raction� limit.�To� avoid� the�
di൵raction-�limit�problem,�we�consider�the�radius�
of�trapping�region�is�equal�to�the�laser�wavelength�
at� least.� This�means,� using�Eq.12,� the� following�
condition�must�be�satis¿ed
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Eq.18�is�to�be�seen�as�the�¿rst�limit�condition�
IRU�WUDSSLQJ��

Using� Eq.11,� Eq.12� and� Eq.17,� and� the�
FRQGLWLRQ� � ����
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Fig.6��The�dependence�of��ratio�of��di൵ractive�limit�and�ultrasonic�wavelength� � �r l (dash-blue)�

and�numerical�aperture�(solid-red)�on�product� S sI F .

)LQDOO\�� ZH� H[DPLQH� WKH� WKLUG� FRQGLWLRQ� ZLWK� FRQVLGHULQJ� WKH� DERYH� LQYHVWLJDWHG� PLFUROHQV� LV�

used� to� focus�the�Àat�laser�beam�with � ���3 P:= DQG � ����3 P:= ��7KH� IRFXVHG�*DXVVLDQ�EHDP�

WUDSV� D� SRO\VW\UHQH� PROHFXOH� ZLWK� UDGLXV� ����D Pm= � DQG ����SQ = HPEHGGHG� RQ� ZDWHU� ZLWK�

�����
P
Q = ��&RQVLGHULQJ

��� �
V
, : FP= �� WKHQ�

�

� � ��Q
-D » ´ �� DQG� IURP�([S����� WKH� GHSHQGHQFH�

RI� �JU PD[
F on�chosen�ultrasonic�frequency,�

VF �LV�SUHVHQWHG�LQ�)LJ����:H�FDQ�VHH�WKDW�LQ�PHQWLRQHG�FDVH�
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JU PD[

F pN= ZKHQ� � ����3 P:= only�(Fig.7a)� and� the�third�condition� is�satis¿ed�more�easily�
ZKHQ�WKH�ODVHU�DYHUDJH�SRZHU� �3 �LV�KLJKHU��)LJ��E��
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Fig.�7.��7KH�GHSHQGHQFH�RI�PD[LPXP�JUDGLHQW�IRUFH� �JU PD[
F �on�acoustic�frequency�

VF �ZLWK�WZR�

di൵erent�average�laser�power:� � ���3 P:= ��D��DQG� � ����3 P:= �E��

)URP�DOO� WKH�REWDLQHG� UHVXOWV� DERYH�� WKH�FRQGLWLRQV� WR� WUDS� D�PLFURSDUWLFOH� RI� WKH� WZHH]HUV�XVLQJ�

microlens�modulated�by�acoustic�waves�in�EDFG�will�be�satis¿ed�if�following�principle�parameters�are�
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4.�CONCLUSIONS�AND�OUTLOOK

7KUHH� QHFHVVDU\� FRQGLWLRQV� IRU� PLFURSDUWLFOH�

WUDSSLQJ� RI� RSWLFDO� WZHH]HUV� XVLQJ� PLFUROHQV�

PRGXODWHG� E\� WZR� DFRXVWLF� ZDYHV� LQ� DFRXVWLF�

HODVWLF� PHGLXP� KDYH� EHHQ� LQYHVWLJDWHG� DQG�

GLVFXVVHG��)RU�FHUWDLQ�FDVH��WKH�WUDSSLQJ�FDSDELOLW\�

RI� RSWLFDO� WZHH]HUV� LV� SURYHG� DQG� WKH� FROOHFWLRQ�

RI� SULQFLSOH� SDUDPHWHUV� LV� IRXQG� RXW�� :LWK� WKLV�

FROOHFWLRQ�RI�FKRVHQ�SDUDPHWHUV��WKH�PLFUROHQV��'�

DUUD\�FDQ�RSHUDWH�DV�DQ�RSWLFDO�WZHH]HU��'�DUUD\�

ZKHQ�WKH\�DUH�LUUDGLDWHG�E\�SODQH�ODVHU�EHDP��

:H� FDQ� VD\� WKDW� DOO� WKUHH� FRQGLWLRQV� VKRXOG�

be� satis¿ed� for� the� case� of� the� collection� of�
SULQFLSOH� SDUDPHWHUV� IRXQG�RXW�DERYH��+RZHYHU��

WKH�FROOHFWLRQ�FDQ�EH�FKDQJHG��IRU�H[DPSOH��E\�WKH�

di൵erent� acoustic� wave� intensity,� consequently,�
di൵erent� interval� of� acoustic� wave� frequency� or�
di൵erent�AEM�(EDFG�can�be� replaced�by�GaAs�
or� others)� with� di൵erent� thickness.� Moreover,�

LQ� WKH� H[SHULPHQW� WKH� ZDWHU� FDQ� EH� UHSODFHG� E\�

other�embedding�Àuid,�which�depends�on�the�type�

of� the�microparticle.�These� questions�need� to�be�

LQYHVWLJDWHG�LQ�WKH�IXWXUH�����
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