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Directional Removal of Water Droplets by Magnetic Responsive
Polydimethylsiloxane Arrays

TIAN Yongtu, ZHANG Yang, LI Hongjie, LAI Hua', CHENG Zhongjun'
(School of Chemistry and Chemical Engineering , Harbin Institute of Technology, Harbin 150001, China)

Abstract In this paper, superhydrophobic low-adhesive magnetically responsive polydimethylsiloxane (PDMS)
columnar arrays (SMPA) were prepared by combination of template method and surface modification. The columnar
arrays can undergo reversible bending deformation under the action of the magnetic field, and the degree of bending
will increase with the increase of the strength of the applied magnetic field and the increase of the content of magnetic
particles in the columnar arrays. The findings indicate that, when the surface area of the columnar arrays remains
constant, the dynamic magnetic response structure exhibits enhanced capability in removing smaller water droplets
from the surface compared to its static counterpart, and droplets departure direction and volume are closely related to
the structural parameters and bending angle of the columnar arrays. Based on the magnetic field, smart control of
droplets jumping in both departing direction and droplets volume can be achieved.
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JRELT —E M AN E . HATE BT Hr i Z R0k ks oLs], 61n 2K R a7 TPk 7 %
[6] SRS AR 5 |- /K A 1] Bk 2 e a7 ) i AL KR Bk A AR, X SEARE R 2 E Tk
RIMAE AL, RN 7, O LMRAS Bt — 20 e /K B T 3R mi Y

UTARSK , R KARER BN R AR RV KR B G52 B 1)z it . feisik R b, MRS,
PR S IF R RRRE , BOA IR AR EBRKIR A RO k2 —, Gou % HIE T —Fh 2
7K e RO 5 A B X PR A5 A4 (425 1) S i, T[] s SE BN [ RS G AR Bk s, s 1K
THEBRBCR . SR, X — RIS E N A 2 Ak, PSR A5 SR 15 1 52 AR /KR Bk 28 5 2™ 4%
ZPIKIF IR | R B A BB A 4B, X — i R e A TE], KT Y SRR
B R, IR IR 1 /K 25 BRI HE— B4R T . BT, Yan 25720 Chu 55 Jl 1 44 1]
REZE R RSB EAAS KT Bk RS, EARIX PRI 25 1 /KR SR 455 T A, (EDGS T Bk i B Bk 5 i
o, RERIEREIRY, KR 2R B —E B RESE PR B 256 . RIANIE R AR B /K [ 41 b3l ad 4>
KSR I 5 R KR 5B, BT MRS S5 AL SN B 25 B, 10X 6 SRS T (8 P ) 282 1T A2 1
SR, W TR 9 BRI L e — sl B, KR BE R A RO 32 3 RS T A5 A A R . A1, XfE L
AT SEBUKTH L BR A7 [ FARBUR/D IO FROR AR TS5 E > - r B Hr, 17
A RTHET LSRR K R AT L SEBUKR PR kB p4GE

ARSCiE 1 3D FTEN | BRI AR MM 4773k, 00l 2 HAT B g 7 o 1o 1 £ 2R — PP e Ao
(PDMS)HARFES (SMPA). JETF2h 2525 i AOTERE , BT IR RS S544) PN AR 7K 52 2115t 1 R S B /)N
KRB , $ei 7K ZRERACE s RN, ShaSHRIES AT LLSEHUKRG 9 2 05 G0k e, S Kii 2B 7 1)
AT PR AR Bt OB R L

1 KEERsy

1.1 XK 5L

PDMS Fl &£ 5], 38 5T (32 ) A AURE LA BRA W 5 BEPE BRI (NdFeB) , 2246 B i 1 B 52
(REOABRAE; 1H, 1H, 2H , 2H-4 5055 35 = SELE (SR 96% ) | Bi/K ARG K — 4 Ak A (Hydrophobic-
2607, 4 99. 8%, KifE 7~40 nm, LRI 260 m¥g) . 1E b (A 4l) FIJCK LB (o dral) , it
B T AE AR A R

Octave Light R1 70 pum Z4 3D TEIHL, ZR5E/NJEARHEABRAF] 5 YP-B20002 BUHL K-, FiREEIE
BT BR2S F] 5 DHG-9075A #Y By FAPE I o3 XU T8 46 A DZF-6092 BY 025 T4, Bl —fERb 22
wr A BRZSF] 3 AF-P-DX BUFL AR, H 4 Nikon 23w 5 SU8010 B4 4 i 445 (SEM) , HAH S7 8
5 JC2000D5 R A AL, B H RECFHER A FRA R EX-10200 B & FRfEHL, ik
HL PGS BRZA 1 5 TD8620 I F-Ri B F AR, KD K AT ARG B2 F] 5 CP70-HD Y 5 b
L, BIRERFRED R ARG FRAF .
1.2 KR

FIH 3ds Mas 34 (Autodesk ) I ITHEARFESIZEFREIRL SR 5 F FH 3D FT ERHL I A8 A1 AR B 51 A5 AR 5
15 PDMS Al AL 50 DL EE 12 10 TR A 3950, (0008 7 6l & 09 i pe b, 78 2225 T 146 v B U4k B
30 min, BEJ5AE 85 “CHA L HVIE I G XU AE Hhoin A& £k 90 min, 57 B[ Ak J5 AR A5 1] PDMS Bk 5 ¢
PDMS AR LTI 1H, 1H, 2H , 2H-4 5 55 3 — SRR EL S R R 12 h, JRAHIRR RIREN) PDMS 1
M, IAER T — 2 IE RIS BV R R BT B BAR 5 4 PDMS FE(E I LABT L L 1 15 VRG34,
A 1) NdFeB(NdFeB 7ETR 51 & Hh 1 BT it 4345053 00 10%, 30%, 50% F170%) , 850 FEiR G
A5, TEEAS THRAA TP AL 3 30 min; K FR UG B G ARG SRR 10 RE Y PDMS B4R I, 7
FL25 T TP DAL BE 60 min, FET 85 °CAY HELBAVIE IR 5 XU T 140 oA 14k 100 min, AR, 1531 504
PERLFIIFEIRIES . B RIS & T e TAES b, R E RN E R 800 V, Fufl 58 slUS 115
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R0 1 PDMS AEAR S (MPA ) 5 #5451 2847 (1) MPA BRI AE BT K PEAK Si0, 7 BRI (0. 16 g B /K PEAK
Si0, f140 mLIECEEIR-G O, LA80 W LA A A 20 min; P , 75 85 “CHY Ht HAH i 5 T4
FH NS min, 2455 SMPA.

2 FHRE5TE

2.1 HEREIMERRERREERE

B 178 H T MPA Rl SMPA A28 BRI SEM BEF . NEI 1(A) AT LA 1, MPA S50 HAER], X
FEDR A H A NdFeB ik b S HAE I . A 1(B) A (D) BT LAAR BA S 3 002 380 447 phy 4% 55 HES 1)
FU AT AR AR, 1T B RSP S B ARAR , X2 B T 3D FTENAIL o3 HE 50 3 5 S50 15 2 80 (S 36 Jor fik
93D FTEIHLURE BE R 70 wm ). [RIFE RS E A2 4 800 wm , AHARIEIEE 22 18] AR B A 1100 wm, dE— R ] LA
WLEE AR 4 9] 1) 26 T CAF RS [ 1(C), (B) 1. R L(F) AT LAE Y, BEIR S 1 25 F 5 18 i A
FLIF A 228 s N L(G) AN (D) AT LI, R BLAR AL RIREATS 2051 298 800 m H1 1100 pum; #E—4
TR AT LIS 21 3 11 2548 5B M mTAH bb e A S 25 el AR, (B0 00 1A RN TV A AN TR e 2R 1T, /2 R B
124920 20 nm [ SiO, TRz HE R Bl LR e a [ & 1(HD, (1) .

A)

Fig. 1 Optical photos(A, F) and SEM images(B—E, G—J) of MPA(A—E) and SMPA(F—J)
(B, C, G, H) Top view; (D, E, I, J) side view.

I FE 2 fioh 000 245053 )0 £ MPA T SMPA 32 /s (CA) IR Bl 11 (SA). 53R 8w, B4 K Sio,
S AR 2 A T T 1 A S 2 2 5 (Ol R a2 TR K VR SR K , 7K AR BUR 6 pl) : AR A8
4K Si0, 1) MPA /KAl A 292 111, 7° [ 2(A) |, BARZE/K R, (HH TREWREN 15, SAER
MR iERE 90° Ab T 15 ELARZS Y, /KA s7% [ 2(B) 15 i1 44K Si0, 59 SMPA Bk 42 il f KT
150°, /T 107, R BEHK ZALEHHFELE 2(C), (D) 1. IWE2FT AR H, 7K S HEREES1)
FE A S 11 TP A AR R s R, R BARIR MR FREMB B K 40K Si0, 1T BE 1 1 22 5 0] LU Cassie-
Baxter A AU TR BT PDMS 5B /K 90K Si0, R R 5K P, MPA F1 SMPA =8 P ) 25
SR T RMSSHAE . WE 1 ATLIE R, Sio,Bii)5 i SMPA R W T8 ks, 5488
HEAHIK Si0, 1 MPA FH HE , 33X BB R 2544 i A7 1 Rt 28 ARUPE /KT 5 LR Z T 82, K L gk
EFYROREERE ik, DI 2550080 N/ (] S i P 2 ik T AR, 186K T /K e i R 42 Ay, TS RARAER T /K%

(A) (B) © D) i

Fig. 2 Contact angles(A, C) and rolling angles(B, D) of water droplets on MPA (A, B) and SMPA(C, D)
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2.2 SMPA BN N 2 th 2

SMPATEAMINBEAHVET T KA BB AS , FFAERET I R Sr BRI AE [ E 3 (A) |, R R
PIRERNRFAE . R T Ak SMPA P AR B, 5l A A B (BOEE LK 3(B) ], 1 3(C) 7 i SMPA [
BE(H)FIEFE(S). B 3(D)7R AN A NdFeB JiT i 43 21 SMPA 1 B 5 SMINE N 38 BE (B, mT) i C & .
ALVE 1, YA NdFeB I, Tt BUNMA 284k, SMPA A& AE25 1l . %4 NdFeB () SMPA , BFii B
IR . AE BAHFEI SR , SMPA B Ffi NdFeB & A BEIN MG K. 24 NdFeB B 5 58 70% It
AIDLSEBUR A RS . SR HE— 2510 NdFeB (1) & 515, B NdFeB J& Fl PDMS & & M B B & A
JE, SMPA 7Efil i B 45 5 R A S5 %, sELLREAL AL . [RIUL, AR SCREPE NdFeB Jit i 43400 70%
) SMPA #5475 225256 .
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Fig. 3 Magnetic response bending performance of SMPA
(A) Reversible bending of SMPA ; (B) schematic diagram of bending angle of SMPA ; (C) structural parameters of SMPA ;
(D) bending angles of SMPA under different magnetic flux densities (B) with different magnetic particle NdFeB contents ;
(E) bending angles of SMPA under different pillar height (/) ; (F) bending angles of MPSA under different spacing(S).

SIS TR R IR, FERIRIES 8 B 5 RS A H AN S AT 5 . SMPA 1 BBl H B8 Ak 5 an & 3(E) fiz . w]
PIEH, £ BHAINdFe & AH R TSSO, SMPA (W SR H W3 IN g, FERHHE N SMPA () H ] L
AR S S AR . SMPA W BRE S A ARfB G AL An & 3(F) firz . AT LA i, 7E B F1 NdFe 1% 4[]
AL, SR AE X SMPA (1425 RSS2 M A K .

AN, SMPA 1925 jh AR TE BA 0 KA EE E . 76 SMPA 25 {h FE 2R 96 34 20 Y5 (B M0 £1] 60 mT 2 [8]
WA ) | A RERaE [ 4(A) ], [FIFE, SMPA 7EZ 4t Z vk i 25 5, 038 H R S A AR
A5 MRIRRIN B K BARFEE R REE[ BT 4(B) ].

2.3 JKiE7ESMPA FRIBEE KRR

X T A TCAMIMRE A E F R KA SMPA Bk 00 . SCIGEs R, A MG 1S
BT (AR EE H 23000 wm, [B]FE S 54 700 wm AR RS R 10 R 51]) , 2252 BRI AT AR 4 51) 2 1Tk 25,
AT LRI, M7KIEARFGER 7.5 nL i, KA AT LA A & AR TRk s, RR7E A Sk
IR BT, KR SMPA 2 Ik 5 (9 f/ IMARU A 7.5 pl. 5 B3R A A A, 7EXFP R 00 T /K% 1
REAE D\ SMPA THERIk g [ 1 5(A) 1. FEZ RN AMmmi e T, B 03758 BE i, SMPA B8 kA= 25
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Fig.4 Response bending angles(A) and surface wettability(B) of the SMPA during multiple(20 or 30) cycles

between the magnetic flux densities of 0 and 60 mT
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Fig. 5 Droplets removal ability of SMPA
(A) Process of a water droplet(7. 5 wL) jumping out of the vertical arrays; (B) process of a water droplet (5.0 wL) jumping from the
top of the arrays under the action of the magnetic field; (C) process of a water droplet (3.2 L) jumping from the side of the arrays
under the action of the magnetic field; (D) dependence of pillar bending angle on the droplets volume; (E, F) the bending angle
required to remove the same volume of droplets for SMPA with different height (E) or spacing(F); (G, H) the minimal droplet volume
that can be removed on arrays with different spacing(G) or height(H) before and after applying magnetic field; (I) the minimal droplet

volume that can be removed from different direction on the arrays with different spacing and fixed H(3000 wm).

i, 24 B=5.9 mT i, RBUNS. 0 L KT 0] LA SMPA T0ER Bk 25 (HLit g=32. 8°) [ 5(B) |. Xk
DRFE , SMPA 7525 B A] DA A FHAS /N KT N T 2 A= ks . [RIBs, FESEIe ik B30, MK AR
BNGE (AN 3. 2 WL, AN IRESZ R 3 31,2 mT, B =56.1°), 7KIiASF M SMPA TSR RS, 1 & M
SMPA [ & A= Bk, I FLBKES (97 11 55 SMPA B3 il 7 AR S [ BT S(C) 1 FoREE SRR, e SMnwg
YERTT , AMERT DLSZELE/ MATK I M SMPA 218 1Y 25 B, TRl K ARE A4k, mT LASE B A T0
IS S A VT A A v ) B

PRIT T SMPA 1) B FIBk B AT AR Z R e i oG 2R .l S(D) AT I, /K Bk s AR R, SMPA
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(H=3000 pm, S=700 pm) Jr7 (2 ph AR BE st/ N . Beah, K Bk 25 25 Bk 5 SMPA Z544 1) R 25 )
A, HES(E)AT UL, 24 SMPA 4 S 45454 700 pum ELAE 78] 23 BRI K% O FR [ 52 Jy 4. 0 WL I, Bl
H 380, K Bk Br s 69 gt K . TRIFE L, 24 H=3000 wm HAE: 18] 25 B PN 4 7K 3 1R AL 58 0
6.0 WLAIEBLT , ZKIR ks it i g Bl S A3 i 3 R LI 5 (F) 1. RIXE 78 (B B 5% & AR B 51 2544
LSRRI AR AR IR I 225, SMPA 7538 K AF K 25 AR TE

AR SCIR X EE T it NG 3% 5 R B NG S S DUR , KR FEAS TR S 8000 SMPA | BBk ES RS O i
BIS(G) AT I, 78 H—SU 0T (H=2600 pm) , B SIO3EIN, Toie & A tnmgis , Kb aeis R &
FERT T 5/ MATR I B G R . SRR s U EL B Rg A e, Kk RE S A SMPA R 11 Bk 25
FFs B ARRS B2 . TRlREHL, 76 S—3(S=700 wm) WTHUL R, BEE H 8N, 7860 i il
T, K RENS N SMPA 211 2 FF s it/ MARZ @i K [ S (H) ], FEMmiim i 404 T, K RES
A SMPA 2 1 85 JT i i AR B ZE W /s (F T H=3000 pm 9 SMPA , JH4b 45 B 2 M T Bk 25 80 1 £
. BB, 7 H=3000 pm AYIE LT, KR 7E 25 M) SMPA _E A8k es th B0 7 PRI [ g =X,
B MAAEAR B 4 ToUF 8k 2 1) e/ IMARCA 3. 4 L, (H YA IARFRR 2. 2~3. 4 WL B, (523 AFEARBE 1 Y
W & A= ks . WE—25 2T H=3000 wm Y SMPA % AE 7K 0 1 Bk 25 X — SRk B 42 [ & 4(1) ], K
K AU 1T K 25 ) e/ DMAC R RO TOUS 8k 25 1 e /A BRI B 2 S R 35 fin g oK
2.4 KB SMPA _FHIEBHIESHT

WFFEEs R, SRMMBEAR TSI, SMPA fEREAVER R RENS S BB /KBRS . A TR
AFRFRELNAERL] , AR SO KT BRI T T 00T . EARMEMEEAIA ST, HREES S A2k
ATWARTE . MK RBUEINGE, Hop 5E BRI EHR S 5 R LRI 6(A), (B) ], FTF/KiEA S E
FIMEZI , KR TSR A (6, ) iR T LR A (0,, ©) [ S (A) H/MAFUK IR i - AR R
MRS, 6=150.2°, 6,=147.3° |. BLET, AR B0 A 222 A2 (R, um) B /N TG A0 1 i h 2322
(R, pm), 7K b F R0 AR R FR S A B B R RS R 122 (AP, Pa):

APLny(RLb—K%) (1)

i y(N/m) KT E K S . R ISR T R, Kt A&7 A 10 R AP, , FUKIEEH ST S(6) )7
] —2, B R R RS . BB AR ARB A 3G N, FEA R B0 2504 T A ) B 1 25 [e) o, K4
ZENBF AT , H b a0 ) A DR B 91 TR AE At . 224 7K 75 TOU AL 1A 11 — A2 o 2 42 ok 80 bR 4 47) T
TRIILRIT TR 4 fioh £ 110 2 25 DA TR0 A g 00 o el 908 380 EL TR A /KOS . R, 2y MU 1) 0,75 H
0" [E6(A,), (By)]. HFHAREES W 25 /K% 642 A2k 2 4 AT BUET $LA500 , BB K TR R
HE— 23K, KT T PR Ik, TSI K R, 5 E R, KRR 6, F1 R FEA LR FFARAR
X SEOKRE E TR AR ARRIE A [ 6(A,), (B) ], iX—IBAS R LS5 K% B &7 4=
] FRIAP,, AP, KT /KIHE 7 (6B, 7K BRI AT Bk AR iEs1 RiE [F 6(A,), (B,) 1.

MG, SMPA & kAT, BB T FESE] A9 23 [ AR R . Bl HIR 50 25 il R B 1y 1
i, BEF ] 2 AR BEZ 0/ . BRI, Y A K B T AR R S5 R ey, FE RS 25 i AR T AR
T, KIS SRR S 4%, 3 (5 JH OO A o ) bR 80 TR AL sh [ 6(C,—C,) 1. 4R 51 25
FREE IR B — BRI, KT TR 258 AR g e, TR S I 6 (A ZEBIRPIRES [ B 6(Cy) 1, 7K
LT ST AP, , Bl HRR IS S AR R — 2P B R, K 23 a2 o8 th AR B S R0, AT
— AR AP, AP KR FIKIHE IS, KBV AR SC BBk s [ 6(C,) 1. LA B 43br ol DIHERAR, +T
ARBESS i T AR BES AT SRR A4 (8] 9 25 TRIARE, DT BB A% (ol 75 5/ VAR ) 7K T DR THT S B 22 Bk

TE SMPA 1) H 3R (11 H=3000 pm) G BLT , KT AL AR 02 TR BK 25, e A TRk =y . X
AIRBAE A MK AR R A /N CHE I 3. 2 L) B, Bl AR 20 1) 25 gl AR T, K R B 32 55 AR TE
{H T HAEAK, /K RIS R 35 KA Te vk 22 i TR [ 181 6 (D) #1(D,) 1. PRIk, 7K 3 RE N THI 58
{15 = 2 N7 o IR i i S VN S LS RS [ N iy = 2 N [ S ey e e N i O
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Fig. 6 Analysis of the droplets departure from SMPA

(A,—A,) Schematic diagram of the process of droplets departure from the vertical groove (front view) ; (B,—B,) the process of

1t

droplets departure from the vertical groove (perspective field of view) ; (C,—C,) the process of the droplets jumping out of the
groove under the external magnetic field (departure from the top) ; (D,—D,) the process of the droplets jumping out of the groove

under the external magnetic field (departure from the side ).

. T TAEARMES S /Oy [ AAE 1A 2 (818 d, A2 R AR AU, TPAT T4 s 1) rAE 2 FiAE 3
A1 d, W) 22 25 8N I 6(Dy) 1. AT, FR RS S I 28 BT ARSI T 1] B A )
K, P2 5 R 0 K AR 1A 2 IR 28 [ 1 6 (D) |, S AT 2L, 24 2 1 /K i B AN X BRI 245
I, AR AP CKREA KR e BT ARG S R m [ 6(D,) . MK AR (A5, 0 wL) B, K 7E
MRS 2 AR B T, TR REOS JEMAT AR5 3w, DRI AR W AT R 451 T3 B
ESIP

3 &

fe i T — MRS S BUKIH MR S AR RV Sh BT 48, XA T Tt S E R I . 4558
N, SEGREBTKESA A L, SMPA SIZSE5 4 REAS 25 1l KR 2 T TR AR, 7K S Bk s
Jie e B fie/ MA BB AR 51 B B B Rl ) . RIS, MK AR —E I, Bl SMPA F) H LS 14
K, T E BRI BARELBUKR A ZER. 7RSI IL & T H=3000 pm [ SMPA 2 i 45/ 5 ™ LE P AH
ARk RS 2, MK RFR T45F 3. 4 wL B, /KM SMPA BBk S, KA BUN T 3.4 ul
I, AR A SMPA BN TAT 3 225 . ] 45 19 SMPA JHA X 7K i 25 B X e R4 68 ), A B AE /KT 32
i SRR | A ROVAR SE 2 U S BN
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