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(%'77$#*'0%* 0"20#$*'2* 2.."*'2* (,$*#%."$*&'2* 0--$%2$#* 0"* (,$*

10K+0#* 2.1+(0."9* O,$* -04%.#%."$* &'2* 80%2(* 2+27$"#$#* 0"* (,$*

2.1+(0."*&0(,* 0(2*+7%03,(*7.2(+%$)*'"#* (,$"*'*#02(+%/'"4$*&'2*

0"(%.#+4$#* /6* (&$$;$%2* (.* 7+(* (,$*-04%.* #%."$* 0"(.* %'"#.-*

.%0$"('(0."29*O,$*%$2(.%'(0."*(%'4$*8%.-*(,$* 0"0(0'1*.%0$"('(0."*

(.*(,$*+7%03,(*7.20(0."*&'2*%$4.%#$#*0"*(,$*(0-$*#.-'0"*+20"3*'*

4'-$%'*>ojADBZE!)*S0('4,0)*p'7'"@9**

*

345&;<"//"(-#

O,$* "+-/$%* '"#* (,$* '%%'"3$-$"(* .8* -04%.(+/$2* &$%$*

#$($%-0"$#*4'%$8+116*0"*.%#$%*(.*'4,0$5$*(,$*#$20%$#*(,%+2(2*'"#*

(,$* /'1'"4$#* 7.2(+%$* 0"* 0(2* $K+010/%0+-* 2('($9* :"* (,$* C21*

3$"$%'(0."*#%."$*>Q039*e@)*(.*3$"$%'($*4.-7'%'/1$*(,%+2(2*'"#*

20-01'%*(.('1*5.1+-$2*.8*(,$*-04%./+//1$2*/$(&$$"*(,$*20#$2*.8*

J'($%'1*?*'"#*J'($%'1*B)*J'($%'1*?*,'2*B*(+/$2*'"#*J'($%'1*B*,'2*C*

(+/$29*].($*(,'(*(,$*1$"3(,2*.8*J'($%'1*?*'"#*B*'%$*#088$%$"(*0"*

.%#$%*(.*3$"$%'($*6'&0"39*C*.8*\*_$%(04'1* (+/$2*'%$* 1.4'($#* 0"*

(,$*2$4(0."*.8*J'($%'1*?*'"#*(,$*.(,$%2*0"*(,$*2$4(0."*.8*J'($%'1*

B9* E12.* ".($* (,'(* (,$0%* '%%'"3$-$"(* 02* ".(* 26--$(%04* &0(,*

%$27$4(*(.*(,$*6A;*71'"$*20"4$*J'($%'1*B*02*2,.%($%*(,'"*J'($%'1*?9*
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?-%,!H#0*/.&!%,!I!?-'!J#5.&!K#)%'+5!#8!L-'(%,+*5!EFAA! ()!*+,-9;!EFG=;!"";!G<=!D!) !

"#$%&$!'(!)(*!%'+,&*!-%./0)&!

"#$%&$!'(!)(*!%'+,&*!-%./0)&!

:"*.%#$%*(.*,'5$*Zq*70(4,0"3*'2*&$11*'2*Zq*%.110"3*'"31$2*&,01$*0"*

2('(04*$K+010/%0+-)*C*_$%(04'1* (+/$2* 0"*(,$*20#$*.8*J'($%'1*B*'%$*

1.4'($#*'(*1'%3$%*2*7.20(0."2*(,'"*(,.2$*0"*(,$*2$4(0."*.8*J'($%'1*

?9***

O,$*-04%.*2&0--0"3*#%."$*&'2*71'4$#*0"*'"*'4%6104*('"F*>?Z*

i* ?Z* i* [* 4-,@* 8011$#* &0(,* $0(,$%* D:* &'($%* .%* &'($%A3164$%.1*

-0M(+%$* >[=?* 5.1+-$* %'(0.@* 2.1+(0."9* O&.* 70$;.$1$4(%04*

#0'7,%'3-2* >YVVABYAeJZ)* T+%'('* U1$4(%."042)* %$2."'"4$*

8%$K+$"46*.8*e9\*FS;)*p'7'"@*&$%$*31+$#*(.*(,$*20#$&'112*.8*(,$*

('"F*'"#*4.""$4($#*(.*'*8+"4(0."*3$"$%'(.%*&0(,*'"*'-71080$%9*

O,$*8%$K+$"46*(.*'4(05'($*$'4,*(67$*.8*(,$*-04%.(+/$2*&'2*80%2(*

#$($%-0"$#*/6*7%$10-0"'%6*8%$K+$"46A2&$$70"3*$M7$%0-$"(29*E*

2-'11*21'/*$-/$##$#*&0(,*(,$*(,%$$*(+/$2*.8*#088$%$"(*1$"3(,2*

&'2* 8'/%04'($#* +20"3* (,$* ]'".24%0/$* CAD* 1'2$%* 7%0"($%9* E8($%*

2+/-$%30"3* (,$* 21'/)* (,$* '-710(+#$* .8* .24011'(0."* .8* $'4,*

-04%./+//1$*&'2*%$4.%#$#*&,01$*2&$$70"3*(,$*8%$K+$"46*8%.-*

C*(.*?[*FS;*&0(,*'"*0"4%$-$"(*.8*Z9?*FS;*/+(*-'0"('0"0"3*(,$*

5.1('3$* '-710(+#$* >(.* (,$* 70$;.A'4(+'(.%@* 4."2('"(9* O,$*

8%$K+$"46*27$4(%+-* 8.%*$'4,*/+//1$* 2,.&*-+1(071$*7$'F29*V6*

4%.22A4,$4F0"3* (,$* (,%$$* 8%$K+$"46* 27$4(%')* (,$* '4(+'(0"3*

8%$K+$"46* .8* $'4,* /+//1$* &'2* #$($%-0"$#* '-."3* (,$* 7$'F*

8%$K+$"40$2)*&,04,*&'2*".(**4.0"40#$#*&0(,*.%*(..*41.2$*(.*(,$*

7$'F* 8%$K+$"40$2* 0"* (,$* .(,$%* (&.* 27$4(%'9* O,02* 2$1$4(0."*

7%.4$#+%$* $"2+%$2* (.*-0"0-0;$* (,$* 0"($%8$%$"4$* .%* '"6* 4%.22*

('1F2* '-."3* (,$* (,%$$* /+//1$* '4(+'(0."29* O,$*-.%$* #$('01$#*

7%.4$#+%$* 02* #$24%0/$#* 0"* %$89* CY9* O,$* 0"#050#+'1* '4(05'(0."*

8%$K+$"40$2*.8*(,$*C21*3$"$%'(0."*#%."$*'%$*[9b*FS;*8.%*J'($%'1*

?)* Y9b* FS;* 8.%* J'($%'1* B)* '"#* ??9Y* FS;* 8.%* _$%(04'19* O,$2$*

8%$K+$"40$2* #$50'($* 8%.-* (,$* (,$.%$(04'1* 7%$#04(0."* >\9b)* ?Z)*

?e9[*FS;)*%$27$4(05$16@*/'2$#*."*(,$*-.#$1*0"*%$89*C?9*O,02*02*#+$*

(.*(,$*8'4(*(,'(*(,$*/+//1$*.24011'(0."*02*'88$4($#*/6*(,$*$"(0%$*

262($-* 2$(+7* 0"41+#0"3* (,$* 8%$K+$"46* %$27."2$2* .8* (,$* ('"F)*

70$;.A'4(+'(.%)* 2+77.%(0"3* 2(%+4(+%$2)* $(49)* '2* 2(+#0$#* 0"* (,$*

7%$50.+2*&.%F9,#*O,$*(,$.%$(04'1*-.#$1*-'6*/$*5'10#*."16*8.%*(,$*

/+//1$*2+/-$%3$#*0"*(,$*0"80"0($*10K+0#*/+(*#.$2*".(*('F$*0"(.*

'44.+"(*(,$*$88$4(*.8*(,$*'22.40'($#*4.-7."$"(29**

Q.%* (,$* <.0"(* '4(05'(0.")* \9B* FS;* 02* +2$#* (.* 3$"$%'($* '*

8.%&'%#*-.(0."*'2* 0(* 0"#+4$2*20-01'%*(,%+2(2*/6*/.(,*J'($%'1*?*

'"#* J'($%'1* B* /+(* F$$72* 7%.7+120."* /6* _$%(04'1* "$31030/1$* '"#*

%$K+0%$2*'*20"31$*4,'""$1*'-710804'(0."9*O,02*8%$K+$"46*&'2*'12.*

#$($%-0"$#*$M7$%0-$"('1169***

0%"6.)(#-*%6*)"#,$,-#*

O,$%$*'%$*".*4."8104(2*(.*#$41'%$9*

7(8"%9.,&:,4,"#-*

O,02*&.%F*02*2+77.%($#*/6*]'(0."'1*I40$"4$*Q.+"#'(0."*>UNNIA

?\CY^?[@9**

+,6,$,"(,-*

*
*

?9* T9*j9* o+--$%)* p9* p9*E//.(()* V9* U9* o%'(.4,501)* G9*V.%$%)*E9*

I$"3+1*'"#*V9*p9*]$12.")*6<<<#=>."?0#&%@%-0)*BZ?Z)*AB)*?ZZ\A

?Z?Y9*

B9* O9*T0%F.504)*]9*I9*r'4,'%0')*̀ 9*D9*I4,.1$2*'"#*̀ 9*E9*P;0")*7AB#

C."%)*BZ?Z)*C)*?Y^BA?Y^b9*

C9* V9* p9*]$12.")* :9*o9*o'10'F'(2.2*'"#*p9* p9*E//.(()*7""D0#&'$0#

E!%F'G0#<",0)*BZ?Z)*DA)*[[A^[9*

e9* p9* L+)* I9* V'1'2+/%'-'"0'")* D9* o'3'")* o9* T9* T'"$2,)* I9*

N'-7+;'".*'"#*p9*L'"3)*C.-0#A%FFD"0)*BZ?Z)*D)*C\9*

[9* D9*j'(%')*I9*I$"3+7(')*L9*D+'")*S9*r,'"3)*G9*j'5104F*'"#*E9*

I$")*C."%?H./')*BZ?C)*E)*?BYCA?B^C9*

\9* T9*I0((0)*S9*N$61'")*L9*S+)*p9*`01(0"'")*T9*O+%'")*I9*l0-*'"#*

U9*D011$%)*I>%H0# 6<<<# 6"?-0#</'H->0#</'H->%"0#<",0)*BZ?[)*DF3)*

BZ[ABBe9*

Y9* E9*o9*I0"3,*'"#*T9*I0((0)*AD>>0#I+.>F0#J'?0)*BZ?\)*AA)*?e?^A

?eB^9*

^9* U9*T9*j+%4$11)*7F0#K0#I+4?0)*?bYY)*CE)*CA??9*

b9* p9*Q$"3*'"#*I9*o9*N,.)*L!H>%F.H+!"'?)*BZ?e)*E)*bYA??C9*

?Z9* `9* S&'"3)* G9* V%'05$)* J9* N.+%'+#)* E9* N'5'""')* P9*

E/#$1F'%0-)* :9* G./$%(Aj,0107)* E9* V$5$%'(.2)* :9* I'3"$2)* I9*

S'106.*'"#*I9*Gs3"0$%)*6"-0#K0#&%@%-!H?#&'?0)*BZ??)*3F)*^Z\A

^?b9*

??9* t9*l'")*u9*r,.+)*p9*l+)*O9*t+)*l9*D$"3)*O9*O'"3)*u9*Q$"3)*J9*

V0'")*l9*r,'"3)*E9*Q$%%$0%'*'"#*J9*r,'"3)*7G$0#MD"H-0#L.-'>0)*

BZ?[)*AE)*[CCCA[CeB9*

?B9* E9* V'%/.()*D9*D$4'"0"0* '"#*`9*S&'"3)*BH!0# &'N0)* BZ?\)*B)*

?bZe?A?bZe^9*

?C9* E9*T9*T'0$%)*N9*L$03)*j9*P2&'1#)*U9*Q%$6)*j9*Q024,$%*'"#*O9*

J0$#1)*C."%#)'--0)*BZ?\)*DB)*bZ\Ab?Z9*

?e9* t9*L'"3)*N9*S+)*J9*I4,+%;)*N9*D9*T'%4.)*t9*N,$")*I9*j'"s*'"#*

V9*p9*]$12.")*7AB#C."%)*BZ?^)*DA)*\B?ZA\B?Y9*

?[9* !9*o9*N,$'"3)*D9*G.6)*p9*S9*J$$*'"#*T9*p9*o0-)*7NN/0#I+4?0#

)'--0)*BZ?Z)*GH)*B?CYZe9*

?\9* U9*I($'3$%)*N9AV9*o0-)*p9*j'($1)*I9*V0(,)*N9*]'0F)*J9*G$/$%*'"#*

T9*p9*o0-)*7NN/0#I+4?0#)'--0)*BZZY)*GF)*B\CbZ?9*

?Y9* U9*V9*I($'3$%)*T9*I9*I'F'%)*D9*S9*o0-)*_9*o+-'%)*`9*p9*j'77'2*

'"#*T9*p9*o0-)*K0#L!H>%F'H+0#L!H>%'",0)*BZ??)*AD)*ZC[ZZ?9*

?^9* V9*p9*L0110'-2)*I9*_9*E"'"#)*p9*G'<'3.7'1'"*'"#*T9*O9*E9*I'08)*

C.-0#A%FFD"0)*BZ?e)*E)*CZ^?9*

?b9* S9*o0-*'"#*T9*p9*o0-)*6<<<#=0#&%@%-0)*BZ?[)*3A)*?B[A?CY9*

BZ9* T9*T9*I('"(.")*V9AL9*j'%F)*E9*T03+$1AJv7$;)*t9*T')*T9*I0((0*

'"#*I9*Iw"4,$;)*BF.//)*BZ?Y)*D3)*?\ZC\Yb9*

B?9* V9AL9*j'%F)*p9*r,+'"3)*P9*l'2'*'"#*T9*I0((0)*7AB#C."%)*BZ?Y)*

DD)*^b?ZA^bBC9*

BB9* S9AG9* p0'"3)* ]9* l.2,0"'3'* '"#*T9* I'".)* I+4?0# &'$0# )'--0)*

BZ?Z)*DFE)*B\^CZB9*

BC9* N9*T'330)*Q9*I'310-/$":)*T9*D07'1.)*Q9*D9*E"3$102*'"#*G9*D9*

J$."'%#.)*C.-0#A%FFD"0)*BZ?[)*B)*Y^[[9*

Be9* p9* G9* S.&2$)* G9* E9* J9* p."$2)* E9* p9* G6'")* O9* `.+3,)* O9*

_'8'/'F,2,*'"#*O9*`.1$2('"0'")*I+4?0#&'$0#)'--)*BZZY)*GG)*

e^?ZBA*e^?Z[9*

B[9* I9*I+"#'%'%'<'")*j9*U9*J'--$%()*E9*L9*r+#'"2)*_9*S9*N%$270*

'"#*E9*I$")*C."%#)'--0)*BZZ^)*I)*?BY?A?BY\9*

B\9* L9*`'.)*o9*T9*T'"$2,)*p9*S+')*I9*I'(('6'2'-0(2'(,0(*'"#*p9*

L'"3)*BF.//)*BZ??)*H)*BZeYABZ[?9*

BY9* L9*`'.)*E9*!63+"*'"#*p9*L'"3)* K0#7F0#A+'F0#B%H0)*BZ?B)*

D3C)*^bYAbZZ9*

B^9* L9*`'.*'"#*p9*L'"3)*C."%?H./')*BZ?e)*B)*?Ze^\A?Zebe9*

Bb9* _9* I%0#,'%)* Q9* j.#<'2F0)* p9* o%x3$%)* E9* p0-s"$;AI.1'".)* V9A

L9j'%F)*V9*_9*J.(24,*'"#*T9*I0((0)*IC7B)*BZBZ)*DDH)*BeYe^A

BeY[\9*
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K0#L!H>%F'H+0#L!H>%'",)*BZZ\)*DB)*?\[CA?\[b9*

CB9* p9*Q$"3*'"#*I9*o9*N,.)*7%$2$"($#* 0"*7'%(*'(* (,$* :UUU*B\(,*
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CC9* p9* Q$"3)* p9* l+'"*'"#*I9*o9*N,.)*).@#A+!N)* BZ?[)*DE)* ?[[eA
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Ce9* S9*]9*P3y+;*'"#*E9*j%.27$%$((0)*K7B7)*?bb^)*DF3)*CCZ?ACCZ^9*

C[9* p9*Q$"3*'"#*I9*o9*N,.)*7%$2$"($#* 0"*7'%(*'(*(,$*BZ?e*:UUU*

BY(,* :"($%"'(0."'1* N."8$%$"4$* ."* T04%.* U1$4(%.*

T$4,'"04'1* I62($-2* >TUTI@)* I'"* Q%'"4024.)* NE)* !IE)*

BZ?e9*

C\9* D9*E,-$#)*T9*J+)*E9*].+%,'"0)*j9*U9*J'--$%()*r9*I(%'((.")*

S9*I9*T+##'"')*_9*S9*N%$270*'"#*O9*p9*S+'"3)*BH!0#&'N0)*BZ?[)*

E)*bYeeAbY[?9*

CY9* p9* Q$"3)* p9* l+'"*'"#*I9*o9*N,.)*).@#A+!N)* BZ?\)*DB)* BC?YA

BCB[9*

C^9* p9* Q9* J.+8)* ]9* V$%(0")* V9* D.11$()* P9* I($7,'"* '"#* j9*

T'%-.(('"()*7G$0#L.-'>0#6"-'>O.H'?)*BZ?^)*E)*?^ZZeB[9*

Cb9* J9*G$")*]9*]'-')*p9*T9*T4]$011)*Q9*I.(.)*r9*l'")*L9*J0+)*L9*

L'"3)* p9* L'"3* '"#* O9* U9* T'11.+F)* BH!0# 7G$0)* BZ?b)* E)*

$''MCZ^e9*

eZ9* E9*E3,'F,'"0)*P9*l'2')*j9*L%$#$*'"#*T9*I0((0)*IC7B)*BZBZ)*

DDH)*Ce\bACeYY9*

e?9* Q9AL9*J0+*'"#*I9*o9*N,.)*7%$2$"($#*0"*7'%(*'(*(,$*:UUU*CB(,*

:"($%"'(0."'1* N."8$%$"4$* ."* T04%.* U1$4(%.* T$4,'"04'1*

I62($-2*>TUTI@)*I$.+1)*I.+(,*o.%$')*BZ?b9*

eB9* l9AJ9*L'"3*'"#*N9Al9*J+)*P0#L.>0#<",0#='H+"%/0)*BZ?B)*DD)*CbA

e^9*

eC9* G9*N'7.440)*̀ 9*D..16)*U9*P9*z)*p9*N.1$-'")*O9*]$&$*'"#*D9O.'1)*

K0#L.>0#BH!0#<",0#)*BZ?Y)*E)*?C9*

ee9* S9*J'-/)*Q4G>%G4".F!H?)*N'-/%0#3$*!"05$%20(6*j%$22)*\(,*

$#"9)*?bCB9*

e[9* E9* E9* I,'/'"')* =+'%>4# %O# $!@>.-!%"R# ."# !"->%GDH-!%")*

I7%0"3$%)*N,'-)*C*$#"9)*BZ?b9*

e\9* Q9AL9*J0+)*l9*r,'"*'"#*I9*o9*N,.)*7%$2$"($#*0"*7'%(*'(*(,$*

:UUU* C?(,* :"($%"'(0."'1* N."8$%$"4$* ."* T04%.* U1$4(%.*

T$4,'"04'1* I62($-2* >TUTI@)* V$18'2()* ].%(,$"* :%$1'"#)*

BZ?^9*

eY9* I9*I0"3,'1)*N9*T.2$%*'"#*T9*E9*L,$'(1$)*).",FD!>)*?bbC)*G)*

BeB\ABeBb9*
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E!%F'G!H./#<",!"''>!",)*BZZY)*G)*e?[AeYY9*

*
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Acoustic input 
(frequency 1)

Micro drone

Oscillating 
microbubbles 

Acoustic input 
(frequency 2)

Acoustic input 
(frequencies 2 and 3)

Acoustic input 
(frequency 3)

Forward

Upward

Clockwise 
yaw

Counterclockwise 
yaw

The swimming microdrone can navigate with high maneuverability in 3D 
space powered by remote acoustic waves.
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