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Figure 1 (Color oline) A schematic diagram of Pt-SiO, Janus micro-
sphere's self-propulsion in H,O, solution
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Figure 2 (Color online) (a) The SEM image of SiO, microspheres with diameter about 2 um. (b) The SEM image of a hollow Janus microsphere and
its shell. (¢) The Pt-SiO, Janus microsphere in H,O, solution, the dark hemisphere is Pt and the bright hemisphere is SIO,. (d) A hollow Janus micro-

sphereis propelled by a microbubble, which is moving with acircle trgjectory

169



a4 % b B 2017518 #Ee2s F23H

1.3 PHRALRR K b T8

A 2 & B Video Spot Tracker(v7.2), Imagel
DL K AEMatlab | A 47 FF & IR 17 58 iUk B 8. A
[) T — #8263 A A Ak B Hp 2@ b T G BT IR A
M £56 S B R 8 (point spread function), JanusfiEk
B MG S R A, 4 -G A B R T IR
AE. KeSE NPV 1238 B % b JanusfricsRk Y 1 JE U4
RI LA 1 2 3K AR 53 1 B 5 a5 6 B AR R AMER 1 151 75
XA I AR 25 LU 0K 1) e e LA B 5 2 Bl i SR K
7%, Ebbensfl Howse? 75 S2 56 b 23 il R EE T 242K
BRIG LT ey, 7 ikt b B AL AR A 5 By, (H SR
38 15 29> 2 BR AT B A 72 00 TUART oL SR A 2 BR L, RSy
(R 22 0 K. AS IR 2H PR o T Sl M IR B A
P 22 B [RE A FELL AT Hocs i W 25 12K 5B 15 Janus
Bk R . 1 Jeil it Imagedf®) “Find Edge” T RE 3k 15
TR R THT K BE R0 BE A, NI Tkl 3 SR )5
i Gaussian Blur” #: 4 4% it Gauss3 A1 55 14 {5k 1Y
TR BE A, Bk JBE 43 A1 B s S e R Sy HO LT oty 5
NAG AT IK0.515 %
1.4 i8dhFHESE L

Janusfi BR 147 F% v DLIE 33 B AL A5 (x(t), ()it
HARE:

{é&=&&+n—xux
Ay, =y (k+ )=y (i),

Horr, iR SR, JROR ORI B A, KRR
Gritmia] el b . 45 2B Janusti BRAS [R B 8] A4 13 7%
AL = A+ AV I, TS R G0 44 10 4 5 (B
AL, JF 3T Einstein/A st i B AT 80 13 502

©)

ABz%ZM@+A@+~+Aﬁ)zM&M. (4)

X Ll gk A Y 5 S B2 3, Janusik Y F 3K
ALY BRI R R 1. Rk, B2 T
Janus i Bk B 9K 3h 119 {57 B HE 2R 43 4 (displacement
probability distribution, DPD). fAj ¥4 Hliz 50 () DPD
P56 R 2N R o A 12

1 AX
P(AX | At) = - . 5
(a1 an J4nDAteXp{ 4DAtj ©

SR, Janusfiik F 9K 8h iz 323 Ji B AIE e g
PR, T SO 22t AT A

170

B T ERSF-ShEAESL, Janusiviisk B9 5% 3l L e 3
PR e . e PR E JanusTl Bk (6 7% Ok A B 5
[6] £11 6, 115 P AH &0 WA I 220 #9590 1) 3 22 28 M o o7 O e
iy FUERE S y WU BH AR AL S IE A y € (O,n] , 30
AR A TAE y e (—m,0] . BLREE A y BORE 350 A B
LR [E] A2 AL 5 G FAAE I ] oo UAHOC, oo e 9
R D 2,

1 _Tt/ld3

(6)

2 BB T ik

ANTR) B 3R Bl B v K B gl ROBE T 1) 2% 1w Ak
RN AR . A E s . SRR A B T A
W, HAT ZY A EARA I B RRE. A IR S
[7] R %) TG f5 A9 0RT DA B il LA B B AL . X A% o
TR, DL A SRSV R AE R | TR LA Ay
fE R, ORS8Ol 7 B R B AT 33, 159 81
1) Peclet 5 1 365 [l Jy Pe~10. (it al W, [ BK 5h 7] 5
R /IR AR S LTI 32 0 Tl T RORE A2 () A8
Xt 5 P EO AR o] 2 . [REE, 1T 549 $] Re~10°~
10°7°, Rk fkek [ 9K o @ TR RS sh nl . xF T A
Pk sh, FE TS T R B T vk E R AT
B3 A B S RS OR R (PR DL 2.175), Hid ke
S5V 8 i R R % T A T R T R OB 1 i S SR
SR fife o S Rk 3 3 5 nT DAGE i ) AU 45 3 ek
(452 3 RV BE . RE THT 1Y) 47 E 23 5% M AR BRI 3 4K 1)
B AW BE Y, Wt ek % JanusTiisk 1) F 3K iz B
FRAE(FEIL2.277). 2.3 45 T Langeviny & 5l K i
TRER 32 Bl , HOC A o S U0 25 M v B R AR Ak
BRZ) Ty Fik . Ak, — ORI AR ek B AR
KF5~10 umj, BEHLA 2 shAH L B 3K 3hiz sl ] LA
W AR /INRLAR SR (132 s, 75 B L REAL AT
JIHysE M. H ez BRI, AR RS
ST, R R TSR R A B B, (SR
) B AR A R IR . 2.4 45 i T AR IR
T8 (volume of fluid, VOF)J5 B3R il sk A i 5

J17¢.

21 AV Bk RIS SR A RIR
FI K Bl (B 9 B 1) 5 R 1 S HL 0000 il S
JO2, AT LA i — 2 S Bl 128 D5 B AT . SCiak[e]



285 H A BN R Bk 24 R 2.5x 107 mi/s. HE T Lt
B H P T O W BBt Flux, o, = kG0, LI
UL 1) O, 1 ik Flux, o = %k,CHZOZ N

(Y N-SJ5 F2 (Stokes 7 #2 ) S X Wi ™ 5l A% o 5 FE 4 57, 5
it )7 e

VU =0, -
VAU =Vp,
UVC-DV’C=R. (8)

S04 JanusfilcER T B9 Vs S L T N, R L
6T B0 X B Ay — 2 B D B, 8
R SR P R 5 SRR B0 X 350 (11 3()). S Janusi ek 7
R W7 M BE AL B, AR T LG i
I PR T Y4 0 e A 035 30 B, 7551 JanusTCRR 1
A EN RV, SRIG T AT A b B % 1
B BOER TR 5, AT 300 13 Ry A DAV
A, HoOf e MR SV B 1, (HIFTEO,
VA R T B B 30 R 3 R A O
Usip=CaipVCy, HIV P 1 FE Fi ¥ 3240 FE V CHE VI i £
B VC G R Capt BT, HoA i 5 A M 4
PHCER PLI Ay 3 8 4, SO % JE i 4, 22l
AR, 1R T B B TR S A 1,
SR AR 1S 0 0 4% R M Re it 3

B 3 (4 MRR () B AR b Janustisk B 5 ik h i 451 (a),
BETHAF 7RI 1 77146 ()5 71 45F-17 ()
Figure 3 (Color online) Numerical simulation of the Janus microsphere's

self-diffusiophoresis. (8) The boundary condition; (b) the force balance of a
Janus microsphere close to wall; (c) the torque balance near wall

R R B S5 YTHOK T Z A %

T — [ R R R AP 7 T 9 B2 37 -5 9 3 B4 X1
B, LIRS R i W AR L B, AR Y
X RIS SR AR AN R R RS AR AR
BA MBS S8, X TR E A WS, &2 %
AR Fhi S 6 50 0 E AR B B R B, AL T SRR
BAERR R, n] AR5 HAb 2 RO g 1 B 3R
AR

2.2 HYEDk R RE I e B R

H IS B 5, Janusfr ik KR FIl I SiOo sk 1R
A, H R TR, IR R b T
o S [ B B 30T 3z 2y, T RE 52 BIR 0 AR A R v 2
AT B AR — 5 T 23 IOR I8 B AR A8, 3 BE AL sk
(4 BH T3 2R BOR KRB, 3 23 T8 1 8 el ok 4 2 i
. K3(b), (c)znith 1 BETAFAENE L T Fe B 1Y O
SR, AR A s (R A )R, T RE 9 3RS ) R
FIFHXTFRVE @ L, 75 2T = AR, [R] i 5 22
SRARGLAG W 78 A B AL S 65 D e 100 F o 3SR
%[30].

[ e At 57 A T B 5 1 B ST R AL s,
SE ilf 25 e R I AP A5, AT RES 1S BUAH
ISR g <3 ol N e s < B R K (R B el S R (U DO)
PRAE, E3(b)AY YT 1a] A SR-F-1F, 17 X5 Z75 1]

X ! Fsoes-x (0,0,0) + Foo_y (0,6, 9) =0, 9)
Z: Fsokes2(0,6,0) + Foep_;(0,6,0) -G =0, (10)

Hrr, Ger sk A E 5% 1z 2. (9 (10)1 )
R SCNAEIK V- TI5 1], Fookes Fl Fopp Y X3 i AR -
5, 7625 1) 1 2 F sokes M Forpf 253 1 5 A 20 T
Gert T, AN, ok Ny 15 12 ) 46 P-4 i 45 4. H
T LT 59 sh S5 X FRYE, SEXl 5 Z5h i 1% A
SR V-7, R 5 TR S Yl Y O R T O 7R (A
3(c))
Y Tsoes (0,0, 0) + Toep (0,6, 90) = 0, (11)
o, Tstokes & StokesPH 11 7= A= 19 158, Tore W 03K
I AR TR, A Y R TS RE T 6 AR T
A
2.3 JHLangevinJi R R T A BERLAL WS Sy ik
BRE 98
SR AN, I R BT

171



a4 % b B 2017518 #Ee2s F23H

AT 1] 0 B AL o AN P Y, A R O Y B
PR JTR(t), 3K 2GR AT K0 69 455 9942 5. 1908
4R, Langevinkt FEALHAIE IR S I AR T07 #2E, dar
T I F i Bk T2 B i Langevin )y #2. Langevin
JrEE G ASMMEASG PE R, Al LK i 22 4
UEH TR 1iz 3.

X TR ok R RS A 9K 3hiz 3, Al LAk Janus
K SR Bl B AL 4G 3 B 1 R A DTk R LA
P B B A7 B 7 L BEAL A A7 B3 0 DA K bR T v
JERT SR A 3K 3 7). et 3Eal b7 L F Langevin
D7 FR) ) 2 R

O

dt?

HH, Forownian G FR B AL AL T, o {8 R %,

F stokes= BT R1V, A StokesBH 11, gk i A sh 71 ity R 4K,

RN THIRAAR, Vo i KL Fairoh 7228 A SRS

UK . ARy 4 T sk AR W B LA Bz 8l AT
o L ARy 3 3 R O ) AL AT B )

lenk T, u
FBrownian = gl +RJ, (13)

Horh, SRR, ke WHBEIR 252 W8, Tol il 124
B, UK ULEE T [ [T B TS M, A B o Bt 4
T [ o 389 R TR/, ] W0 30 T8
0T T B 7 R () 1 BRI 0 BE F B kaE Sh ATk, 3
b IR A R B0 e L X RS R, B
For = 6MuR Vo 0, Voirr H .40 [ 3K EH 1 T ek 16
ViR B S, 6 AT — Ik 2 ek (46 17 K ik
FH Pt 45 17 SiO,— il

b AT — Bk %0 3K 3 3 10 0 16 Bk T R AE
X 2 G, il TR B ) — B i 5
BRI, 27 L& BEHLAR B )46 5 362 1 6 £ A5 A
ST R % B B Qe R B s A, K
/N B T 4 30 g 5 (R R TR A M g
QESZS

-F

Stokes + Brownian

+ Foir (12)

~ Fooumin R 3k, T,

B 87t,uR?‘ -7 lGn,uRfAt,
Horbv, Ly J35E, f R 0 U AR Y B 3l R 45 R
8reuiR,2. B 7 = Janustic Bk Bt HL% 3 146 F9 1 5 A
M A E— 9, JIE Nk, V8l KL
D5 FERG R SO T AR, A Foie P Y 0 RS
1E—i.

Q=—=

dé_ T,
e 14
[ (14)

172

2.4 iR HESER B B

R A 3K Bl Al WL, Bk 2
S8 A A R TR AR P ELK, iR LA R
MG HE S skoz 3, XS T AR IR A R iR AR
WEEL SRR I BT AR EN-ST5 R

op =
V()= (15)

%+V(NU):—Vp+V(;NU)+O'Kn. (16)
B 2l 75 BRI T AR R A X it 4 A 1A
71, Hh o h R RE, chREITZE. Sy THEY
SAERIE R, RHVOFE E L — - tr i
Ti FERAR IR A AR AR TR 3 %
Da _d«a
To= S UVIa=0, 17)
Hrb, o W H AR PA T, a=0FR R TEIL I N,
a=1RRTE AR, M0<a<1F/m 1E 3¢ ST . B,
R AR AR
P=opt 00, l= ot L, (18)
XTI, WA 5 2 2 AR A T 4
Pk, DO AR AR ARSI R p=pRT AR A o

3 JanusfitEk B WRshHLEE

AR TN B S 3E 2 S5 25 R A 44 JanusT Bk F SR B
PR £ 2R A B SR . A IE
35 B B Tk 1 B AR, — ROk BRI T
5~10 umitt & A A 98k sh, R H04¢ B 5 1k 15%,
Pt— il 2 11 B30Tt R 25 B4 B T Y AR
BRF20 umfa, AL S 7E P H U1 Sh ek
iz 5.

3.1 Janusti Bk b ik

AT SE I R 23 B 1~5  um Ay Janusii K 1z 3
Howse25 A\ 75 586 v He %5 T Janusfi K 43 51 76 H,0,
WAk iz sh Gk, Bon T AP sk sh 54l
i B iz 3h 1Y X 9] (1 4(a)). 24 HLO0 9 B /N T 1%,
Janusfi Ik 14932 Bl L A AE 2K rf A 9348 sh Lk ik
AW X B, AR SR AR N A T R &
H,O. 3k FE W 16, Janusii Bk i B 9 8Lk sh 4 J 9
R R B 1 A 1) MR LR, 5 A RS Bl 2 B B
LY B3I 7E SR [23,26~28,31~33] Hr A R IA .

AT I Janusfi Bk 78 H 004 i A 3 Hik



B 4 (4 ROF () Janusiek A 3180k shA0F-3hia siEAE. 1.6 pmidask i3z s () F 05 (08 (D) Rt TR 281k i 2219, (o) Janustiskiz shi
TP, 2 0 1 pER AR RE 15 0 (d) SR 2D LR B ()™

Figure 4 (Color online) The characteristics of Janus microsphere’s trandlational diffusiophoresis. The typical trgjectory (a) and time varied mean
square displacement (b) of a 1.6 um Janus microspherd®. (c) The measured trajectory®. The typical mean square displacement (d) and effective
diffusion coefficient (€) of 2 and 1 um Janus microspheres® AL? (um?)
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Figure 6 (Color online) The rotational characteristics of Janus microsphere. (a) A comparison between the rotational angle probability distribution of

a2 um in different H,O, solutions. (b) The Janus microsphere exhibits 3D rotation in H,O, solution with low concentration, while exhibits 2D behavior

in H,0, solution with high concentration. (c) The influence of wall on the rotation of Janus microsphere™. (d) Janus microsphere's trajectory by the
wall effect of cylindrical structure’®
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Figure 7 (Color online) The Janus microsphere’'s motion propelled by
microbubble. (a) Image series of a Janus microsphere’s maotion in one
bubble period which lasts about 85 ms. (b) The three-stage behavior of

the microbubble propulsion. (c) A two-stage description by Manjare et
a'.[21]
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Figure 8 (Color online) The process of microbubble growth. (a) Different scaling law during microbubble growth. (b) The single-stage scaling law!®
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Figure 9 (Color online) (a)—(c) The variation of flow field after microbubble collapse. (d) The microjet and wake vortices behind Janus microsphere

showed by tracers
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Figure 10 (Color online) The numerical results of Janus microsphere’s self-propulsion. The velocity field (a) and O, concentration field (b) of
self-diffusiophoresis, the Janus microsphere is moving to the right side. (c) The wall (on the bottom of the image) effect on the velocity (shown by
arrows) and O, concentration. (d) The typical trajectory of 1 pm Janus microspheres with different propelled speed, the dimension of each plot is 50
umx50 pum. (€) The phase variation during microbubble collapse, in this case the microbubble’ s maximum size is R,=100 um, and the microsphere's

Sizeis R;=50 um
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The mechanisms of the self-propelled spherical Janus
micromotor: Self-diffusiophoresis and microbubble propulsion

ZHENG Xu', CUI HaiHang’ & LI ZhanHua"
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2 school of Environment and Municipal Engineering, Xi’an University of Architecture and Technology, Xi’an, 710055, China
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Micro/nano-motor is a new and interdisciplinary field. The Janus micromotor that utilizes the heterogeneity between its
two hemispheres to generate self-propulsion has attracted great research interests. This paper focuses on the self-
propulsion of platinum-silica (Pt-SiO,) Janus microsphere suspended in hydrogen peroxide solution (H,O,). We
systematically review the experimental and numerical results of the two instinct mechanism: Self-diffusiophoresis and
microbubble propulsion. The motion of Janus microsphere whose size is smaller than 5 um is dominated by self-
diffusiophoresis. In this regime, the Janus microsphere experiences simple Brownian motion at short times, self-
diffusiophoresis a intermedia times and Brownian like motion at long times as indicated by the time variation of
dimensionless mean square displacement. The non-Gaussianity due to propulsion is revealed by the probability
distribution of displacement. The Janus microsphere’s rotation is found to be governed by Brownian torque, and the
influences of solid wall and shear flow are discussed. When the Janus microsphere's size is about 20-50 um, the
microbubble propulsion is observed. Three typical stages, self-diffusiophoresis, microbubble growth and bubble collapse,
are identified based on the Janus microsphere’s movement. Three different scaling laws are also established to describe
that the microbubble growth in one period is respectively governed by viscous force, capillary force, and ambient fluid
pressure, as bubble size increass. It is the first time to observe that a microjet occurs after the microbubble' s asymmetric
collapse, and it will prople the Janus microsphere with a speed up to 0.1 m/s. In view of application, this paper introduces
a new microshuttle technique which uses dieletrophoresis under AC dectric field to manipulate Janus microsphere's
motion, and disscuses some important issues like the difference between self-electrophoresis and self-diffusiophoresis
and improving the efficiency of Janus micromotor. A thorough understanding of the physics of Janus microsphere's
self-propulsion will shed light on designing better micromotors.

micro/nano-motor, Janus microsphere, self-diffusiophoresis, microbubble propulsion, micro/nanofluidics
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S1 Janus

Table S1 The simulation results when a Janus microsphere moves close to wall

Pt-SiO,/d=2pm Pt-PS/d=1.62um Pt-SiO,/d=1pm
Ch,0,/% 2.5% 5% 10% 1% 2% 10% 15% 27.3%
Vjanus/ pm-s™ 3 4.4 4.8 0.5 1.1 3.2 6.14 7.77
ol° 18 16 9 18 15 9 27 22
ofum 2.5 3.6 4.1 18 4.0 7.9 5.3 6.2
S1 Janus (@ (b)

[52]
Figure S1 Manupulating Janus micromotor by microshuttle technique based on dielectrophoresis

under AC electric field. (a) a schematic diagram, (b) experimental snapshots show that a Janus
micromotor moves back and forth between two stripped electrodes like a microshuttle.



