MW HZE A D] 58 32 45 57 5 Applied Mathematics and Mechanics
2011 45 15 HiB AR Vol. 32 ,No. 5,May. 15,2011

KBS :1000-0887 (2011)05-0509-13 © RIS A1 95 % 45 ISSN 1000-0887

H = B 2 AR R S F0 42 B4 B
oK e _ERYIREN 1

AR, B A, BRE, ARK

(1. WEEREFE RMiA %#h TR 2%, U 100084
2. MR TR Ji2F3, B st 211816)

(T 2 B AR R A RA)

WE: RS AT 3h AU R B 15 HE 1R R R RE A A s sl B A AE 1)
12 2y 475 1) 5 K R TG 25K KPR BOTESC. R IX — T EEIG SO T B A oK g 2 JLAAT A Y A
JE R i R AR R (i B TR TR B WESE T NSRS TR K B ot T ) A AR LA
SRR/ B T AR A P 8 LA 2 B Al T LAIESE : () W07/ g T )4 34 BT 52— 114
A ATE S, BT LAGE — #2305 i TP T 3R Gauss 5800 sREL (b) Tl A AL B VE I3
REAZ S LN TN R T2 B TLAAE s (o) il 25815 il 230 10 PR 26008 JEE ) 2 ol 25 1) b A 3K 3l 5 ()
YR Bl 377 16045 T A SR OK KPR RTG O iR T AE 38 3 S0

*x B OR. ki, #R; JRAREREE; BB, KD

FESES. 0302;034;0484.2 XERFRERAD: A
DOI: 10.3879/j. issn. 1000-0887.2011.05. 001
7l =

UE T AR CFA SRR AT 8 A 7E 250 v & B (AR Wi AR Zheng FFFE LAY 5L 5 ) - ARG
SN L ORGSR | BERSUT REZE B A 1 M iz Bl Y AR, A A RE 198 B Y T ] 5
ETI 25K (BKPEBTE G, BREE Y L Lv@ il Chen %51 3l 3k 43 2 ) 2 A0, BN 13X —
B DB SR PR K B RGRS 1 BBE L F) 1 R E 1) is s AR B IR AR TR (Haz sl 7 1) B A B
FRK BARPE BRI ANAE P , b A RAESCHR P B . BA A, XA AN SR BAT SR (i 2L
P EAHRADT. FATHFIWR  BRAR K (UK PE B E A T A R E 03z s 77 18], I8 4, 1t
FURIR — SRS 1R A PR R ——25 (B 25 it 2 15, 25 8] 25 il m] BEEHfE Sh F K5E 1) a8 3l 4 0
ZU XA, AT FIIAE A P A U] i e SRS S A B TR, AR SO
AR S ARE TR J1 2 LT FA B, O D3 S I G B — gt i BRI
itk RE.

PR N % D00, 2 — R O, o LA AR AR 22— i/ . I, Bl

+ WFSHE: 2010-11-18; 1&iTHHEE: 2011-03-14
EEWH: EFARRFIEEYRIH (10872114 ;10672089 ;10832005 ;11072125)
EE® . BUHER(1964—) 5 RN 282, L LA S0l (R &R . Tel : +86-10-62795536 ;
E-mail ; yinyj@ mail. tsinghua. edu. cn).
® Lv B0 L, AYEE — B Ly
509



510 B RE 2 [ SIREAE KK

KITERFEAR NS Z — 23R M )27, Ik R, AR D & P30 1% Euclid ~F-1H, KZ 2 & i1
Riemann {1, T2 ] LAUE, R EAAIK J127 0 WA Z— 3 M T i s oK 2.

HH TR K 2, 320 T30 JULART 8% — 4 i) Riemann JUA. ML X E , Riemann JLA
FT AR 53R P 2R T UART R A28 TUART, 3 BLAY A2, < fT D P 0 8L 0 28 LA 2289 &
ot T T PN PR B AE AR T LA b T ) T PR BT — B e B — AR B i PR R AT AT
DA, PN 2 LA gl 5 T30 — AR o i L AT sk LA« A2 2 il i R 1 B R Beah 4L
far PG K im0 < T AL PR BT ARG TUART v ot e B AR 1 A 2R 5 LA R ot T Y
AR R — RO i 5 T A IR R R, PRI IRATT AT LA, AL AT R R T A K
1y JLAT.

AR, AN K a2 AT ARGyl P 2 2 AN T2 A B I AL R e i
() HITTED 727 FR A R 26T 2. PR 7 2 ) ORI D 2 it T AS 22 98 1 e 7 it 1T P 3 3. i B 4b
23 JUnI A e IR B T 2 FROMANER 2. A2 1 20 i BRI P O it TR AR B A T A (R H R
B TIT ) iz Bh el AR IR,

MY BIEASTE SRS 5RT LRI 53 A 65549 S5t A g o, ik 1oz b, 99 Jo it v mT LA 43 A )
P A Y TR (A9 A DK it 3R TRT ) R 28 P A ot T ) G 2 LR ) . koK st D b i N 2 )
S — RO T A 2 RERIME A SRS (B i B A Y i B ——ix 2Kia g, &2
T U TR %) PR B 5 T K it T B AR T, — PR R T ) A RIS A i TR AN A
AN B ASIE Az 2, 1 HA T AMY AR IE flzs 3 —— X SR IE Mz 3l , 208 1 ot i i 25 th A
J& 32 Tkt T 0 1 2 o

Yin 25 SIUESE SRl T A AP 2 12 e — A SR R ST, B 2 ) o il A
RIKBN 77 AT XA — e B 1) AL 2 oK et T Y N 2 2 X — AU A TSR
BT ? SR M. XA AR TR RS2 AE A i 1w L 2 ()46 i #2317 L 3K 3h 7).
W IE L, 25 (A1 5 R AR Bl ) 7 3k — il | & — > ELA 7 ik P e — PR ) it & T 2 i 1Y)
YRR R R oK T 5 i A7 R B B2 SEAE DRI, A A X6 A T IR A1 43 AT R
25, IFRR T — et B S AR AR T AR S Sl

ARSCALFEUNT A . 150, T2 [0 B G A K R TR L AR AN D7 2 FER R i ER 6
YRRAE TR A N 2R B BEX H AOE )38 B B FVEERE UL, B AR kg, — D7 T
o6 N 25 S BRI SRR Y AT SRk, 5y — T A &€ 0]z s IR AR AL IR i R B0, o3 b
W2 )2 A g 20 e — B J LA~ A,

1 fHgRERh Ry 2E T2
P AR TET - AN ) S IR 2 — S g 2, A S 1 2 A% 0 N 25 S L A

PRSI TP A5 0 A I S RE ORI T2 , 1 B R S b/ IN S R A0 28 LA, AT 7T LA
A g T U i T T (A A R

Ve (Ve /2 +Vd ) +f=0, (1)
Hob ) o= p(H,K) AN I AE T 25 R o B T i G 1025 il R B —— P il 1A
Gauss & K. b, =0d/0H il ¢ =3dd/IK G332 F R RE 2 BE XTI A Gauss 1125 1)
¥, = fOH,K) it i, VAV E SU7E i L o 708

V() =g M V(e =g 0L (a2, (2a,b)

(u',u’) =M EAY Gauss Z2HULPR, g, UM IR A, g7 J& Ml 2H — A K G i As 4y



HESPZIN IR IEZE %20 0 €k N TR SR e D) 511

LV K LiAs Ay, i T LRSS ARk L 2 ()il R XM R L-L = KG 5 L #H
L X sk i,

M (1) B ARSI % B 252 3 K i sy A AR s VAV il o v il
Ry RS A T VAR TR AR A U e B R R EANM S — W
BRSO S, AN, B 36 B R f 37 0 5 T D R R U sl A UK B T R B R AL i UK B
1 VR BEBR B BN SR 3h 7). S5 F VRNV A 4 BT Al 5 A v S-S5 i H T, a0 SR U 2 B BR Y
(=) UK T7 B ATEARBREEY (- ) bR Z IR ) J1. B MBS L F, =8 A RZIW 225,
DA T 32 R AR AR R T (1), AT AT B s ok

V() =g a(a'u',') +g ag;z'), V() =c,8 a(a;") + o8 G(T> (3a,b)
Hrp, e, fle, BN EME g =g,/g, Mg =
8./ &r FEM SR FE ML LI R G g, =g, 8
SR R DR oy L AR AR, LRV
(o) RENER AT, AR EV () &
SN2 BTG ASAS i 5 T A2 B 5T o A AN 3 A 1
VR BIIR SN T, 15 R R A R RS & R IR S
15 HrE FEEY IR SN 7, e & R LK
.

A1 M (3b) , FRATT AT LU TR Z M L
T 0 A A T R A B %) PR 38 < 3 1 ) A 32 il
R e, BT RELRTT 013K 30 7, i B2 7 0] 16 3=
M e, WPIAL T 2R ) J7 1) A9 9K 50 /7.

FEREE, () RIKEh I Ve, MV AT LA E I

1 EMRBIRR

Fig.1 The curvilinear coordinate system

Vﬁb,H = d),HH VH + d),HK VK, ﬁd)K = d)J\’"" VH + d)'KK §K’ (4a.h)
9 9* 0’
Hr b :67[-;{;’ b = by = aH(;bK’ P ax :37];(2)

YAyt A A BRE, VH FIVH 535512145 1t A0 28 B BE R ARAE BE , VK FIVK 4353112 Gauss i
AR IAB I R ARBE L, 2 (4) T BT R T il 2= 6] 5 A Bk sl 7 i EAARS 3L v,
FIV #2123 8] L AYBRSN g, AT 5 A0 T HRALE T WS A B 43, —J2 il 5 14 R B0
G s ® s ® n M g, —SEMRBETIVH, VK, VH VK . T2, 5 LGyt g, 3414
SO HLAR BRI - Gl R L o 3R SR (A4 R A R ML BEV (- ) AR JE
V() )RR T BB AR R,

2 AR T B R N LT

AT L dm IR f SN2 S R B N 2 g

e i T 5 A 20 SR AR ELAE ) ZE RO b, AR I kL T~/ R 1 (/i 7 5%
OrF/ 03T ) MEAR . DL, (AR B T L ) 280 27, RO KT (R 81 ) Sk
e iy 1 2 TR A AR B0 g2 A g e B AR AL, AT 58— IS (A ) L5 B R A
f T (ot IR 8 D AR el R ) 2 TR AR AR AR L



512 B RE 2 [ B AT 5 KK

2.1 KF/REHEN n R
BT (BN R-FXF) B van der Waals #HEAEA , — % 1 Lennard-Jones %I .

w) =46 [(7)" = (7)) 2w - e, (5)

Horb 551 Buy,(r) =4 (o/r) " JERLT XS BIF 33 52 Wil ug (r) = de (o /r)° SRR T RIS ]
e N T HATTE, FA TG — R R AL n B

un(r):48(%)n. (6)

i LU, 20(6) AMUARER L-J Frh 55 Jy 35| Iy 3 ik n BOR R BIAE , u, (r) ATLA
2201 43 RUBE 1 25 R AT AR

VAR KL TR T b A5 0 TE B J5, SIRE i T A R R (K 2) i TR
AR EE/NT 1 nm, 80 h BYBUETERECY b < 1 nm 5 T — AR [T AR 0T, AR 2 R
T H AR RS AR 5 IS LT A A A AR L A B AR AN, AT B SRR LT
RIZRFZIE A EAER , B RIEAZRE A 0 198 A3 (8 < 1 nm) S, WKL T 5907 R+
ZIAIHA AR . B S, WAL AR BORLTHO0 o, WIBEIER BT dS N BORLTE0h p dS . T2
Kig- / WERITETAY n By 45 Rl

U, =Ug w,(r)p.ds. (7)
Bep, WEE, TR (6) MK (7)1
U, :4psao'"ff L”dS. (8)
Ss T

2.2 PF/EHEBELE - R

HEREE], DAY AR A K G il 1w _F a9 s i b AR B BB RS ¢ =
d(H,K) M0 sR%L H A8 25 L 1 MR AR 2 (4) T B 550, d2 -« th 2 Fn il 5
Tofs BE L) R Bl 7 () SEAR BE R 45 DAUIE S A BEIS FE Rl P st FRAT T . 0K R A ) B S gl oK b
i b N2 A SR/ B T AT n BRI (8) ) ik, X — HAR , 7En = 12 il
no= 6(HI L-J ¥, B2k mi 2. A B — B I T , PO RS A0 IH G FISE R A 434

PLEL O AR AL BRI O-xyz ELAARAR AR (&1 2) o Hivh 2 Bl o At T 9 i 26
[] , xc-y P T2 A5 iR 0 O B U018, o RN o il 0 00 2 o 0 E e ULy 1. 76 S, N, i
M B B AT T R RS AR R T RN N 2 = f(x,y) « TEAL O ¥5eREL f(%,y) JEIFAL Taylor 44
BB ERER, RRIFRIEE 2 .

) = J Syt gLt 4 2 oy 4 £,0°, (9)
Foifs

SO0 =% ig’ﬁ =‘;ij; 0 =% = - =§7J; ' =§YJ: ”ﬁig.
BOWRMTXFRR, 7 " .

}=f(0,0>=0’;x=§£x=0=0’i=3’;x=0=0- (10)
T« By SRR O EIAREE I MO

fz}.=§;§x=0=0. (11)

y=0



HESPZIN IR IEZE %20 0 €k N TR SR e D) 513

T2x(9) rTLATRIAE A z

isolated particle
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Fig.2 The isolated particle and the curved surface
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isolated particle Fou

(a) RSEAL AL T B HESES (b) PRSLHL LT BUHESM
(a) the isolated particle is located (b) the isolated particle is located
at the outside of the cone at the inside of the cone

B3 Bk E IR R SESh
Fig.3 The driving force acted on the isolated particle by the conical surface
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Shape Gradient and Classical Gradient of Curvatures:
Driving Forces on Micro/Nano Curved Surfaces

YIN Ya-jun''*, CHEN Chao', LV Cun-jing', ZHENG Quan-shui'
(1. Department of Engineering Mechanics, School of Aerospace,

Tsinghua University, Beijing 100084, P. R. China;

2. Division of Mechanics, Nanjing University of Technology, Nanjing 211816, P. R. China)

Abstract: Recent experiment and molecule dynamics simulation showed that adhesion droplet
on conical surface could move spontaneously and directionally. Besides, this spontaneous and
directional motion was independent of the hydrophilicity and hydrophobicity of the conical sur-
face. Aimed at this important phenomenon, a general theoretical explanation was provided
from the viewpoint of the geometrization of micro/nano mechanics on curved surfaces. Based
on the pair potentials of particles, the interactions between an isolated particle and a micro/
nano hard-curved-surface were studied, and the geometric foundation for the interactions be-
tween the particle and the hard-curved-surface were analyzed. The following results are de-
rived: (a) The potential of the particle/hard-curved-surface is of the unified curvature-form (i.
e. the potential is always a unified function of the mean curvature and Gauss curvature of the
curved surface) ; (b) On the basis of the curvature-based potential, the geometrization of the
micro/nano mechanics on hard-curved-surfaces can be realized; (c) Curvatures and the intrin-
sic gradients of curvatures form the driving forces on curved spaces; (d) The direction of the
driving force is independent of the hydrophilicity and hydrophobicity of the curved surface,

which explains the experimental phenomenon of spontaneous and directional motion.

Key words: micro/nano curved surfaces; curvatures; shape gradient; classical gradient; driv-

ing forces
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