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Smart Adhesion from Hierarchical Surface Construction

In Gecko’s Foot Pads and Its Engineering Applications
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1. Professor, Department of Mechanical and Electromechanical Engineering, National
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ABSTRACT

This article investigates the special structures and functionalities in geckos’ feet. Geckos
possess marvelous abilities of adhesion that enable them to climb on walls, to run upside
down rapidly (at speeds of over 1 m/s) on ceilings, even on smooth glass and tiles, and to
arrest their falls. The complex hairy attachment structures in the foot pads enable the smart
adhesion — the ability to stick to different smooth and rough surfaces and unstick its feet
quickly. The attachment pads have dense micro-scale setae. The hair-like setae formed from
stiff, hydrophobic keratin are arranged in angled arrays. Each seta branches at its distal end
into hundreds of nano-scale spatulae. Each spatula terminates in a flattened structure, making
intimate contact with the substrate. This hierarchical surface construction, composed of setae
and speculae, gives geckos the adaptability to create a large real area of contact with surfaces,
and thus significantly enhance the adhesion strength. biomimetics. Based on this hierarchical
structure, this article studies the adhesion mechanism, hairy attachment system, effects of
seta-branching, adhesion to rough surface, material properties, moving mode, and
self-cleaning of gecko’s foot pads. Finally, the applications of smart adhesion to biomimetic
engineering are investigated.
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TE K ; g 3R D AR ,i%r;;}»g-;%ﬁqg‘élﬁ;pé W TR BEF - LR
21482 AR HF R AF ame ¥ % o 2475 4L (Aristotle) i (F 4 p RALFE )

(Historia Animalium, Book IX, Part 9) ¥ rj*u» BITRBELA IR NS BT

HIEgTyrt o ) BEGLRIVE G o42% 2 Akttt (adhesion) i Boer ¥ doo frx B AA 4

2_faaktd (anti-adhesion) o — AW F 3718 € p AR HLOLEEE o (2 F MR B3N T 4R Rk
EodrA AL SR ZAFRY o BLAIUeR AL B X 23N 7R dofe fdet B

SREMET o BRI e 7 e fEARF R et E k- E AR pF R E A PR
AR o A BeendEF LAY § - BF RS Rk Rk A A B (lamellae) 0 £ B G

1-2mmeE & 4 & % R84 FRELYR G oS 51950 # T F B B

®FE pGE g PR E AL YRR AR R chly K 4 A g (hierarchical morphology)

2 4e W % B enRuibal 22 Ernst (1965) 2. #F B 3" 7 & & A4t (scanning electron microscope,

T

SEM) L% 5 it & o P @ & SrEELgrdp & A fid E 5 (lamellae) ~ #&-=* (setae) ~ & &
(branches) ~ % % & (spatula) 1 = 45 5747 f2cFy & 3% % 4 (Ruibal and Ernst, 1965) » H

BV T A £5 0 4oB L Ha o

A2 IR - BER ek BT R ELAREE A2 FlF AR -

FRR2ZApMAY - BB EIPp L Bl H B2 P2 F > NRAITA GRS
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B 1. (@)~ = ¥ (Tokay gecko) (Autumn et al., 2000) ~ (b)%=". & 2% (Autumn et al., 2000) -

(c)E& "L %rit (Autumn, 2006a) - SEM & 5 @ (d)#&=* (Gao, 2005) ~ (e) % ¥ (Gao, 2005) -
55 @ ST: seta, SP: spatula, BR: branch.

=~ EELARNHB IR L R

O OER T AR E £ G 2 R Bk(asperities) B - 4 F 1@ (L B 2 5] d R

= 4 & A& 4 4% (adhesion) - fF # 1%—}‘5;&: RES R IRZ AEF T ¥ a0 R p 3R A
(secretion of sticky fluids) ~ £ % = # (Suction) - # 7 % 4 (electrostatic attraction) ~ & #x
4 (friction force)~ #ic4-4f i€ * (microinterlocking)~ % & &+ fF £ # 4 -& 3£ “{F 3 f 4 (Van
der Waals force)£2 = ‘w4 (capillary force) % - 12T iv— f§ & $£34 ¢

2.1 AbR A i

- R GORE Habap g B AR R A RARR E TR R o R iR S R
TR T 32§ 2% (Simmermacher, 1884; Wagler, 1830) & A k=7 B30 3 A 3 B fﬁ“ﬁﬂﬁ ’
FEEEL RGOS A G T AFREPIRAT 0 AL ARR A R DEGR o
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Tpd a2 f 4 ke EARHE 0 2 &k § - (Simmermacher, 1884)
BB AFGEME ISR 2B o d MR g BANRA Ll < R
FRF M FIAMBREEE Z 4 B o KA FERF IR A MRS AN
ABME A AP EROT < F T & & 7 (Dellit, 1934; Autumn et al., 2000) » & ® B=5. & 382 k%

4 a4 5 R4 gt B (Autumnetal, 2000) > E 7wk 4 20 BK Fl @ A gs o
23 F T A

7 & (Schmidt HR, 1904)z2 5 B2k A 2L M 4 5 (740 > FIEHERG 2§ T 5
Ha AL EIRE ML G o Tt /@:ﬁ)’j%fl P54 o e gt BliE {8 kAR da g A Dellit
7 B (Dellit, 1934)# > 5 02 X-ray #¥FiZ € 2 7 5 > LB BpLE T DT F

SRR ERNA AR G e TR R BRI R AR e
2.4 B

0 B R T 2 AR 4R 1§ 5 f# (apparent contact area) & B o (e 22 1§ 5 F# (real
contactarea) & it v+ » @ EEL B3Reht 2L R S < igH s B A S L 6 B2 &Y
BoAR o Fl@ B e FRhEE2 B4 o Fpt 4 1923 & Hora #t M ERL BN AR Kkop
PR d 2 Bk (Hora, 1923) o d At A4 S BT FA A G 0 TP B 2 B
BT fRREECLE NG AR G4 o FrE i Rt X i 2 Akt i 4 o Autum # 4
hg S (Autum et al., 2002) 8 T 3 3 > BE av E Jk AR 2 kR (i )~ B

Gl M SiO2 ;0 VR EERd d2EEET RIRARA 224 B KR o
2.5 Mcdedl it

Dellit & 1934 # 3 % 72 F ¢ (Dellit, 1934):3.5 B2 & F 87 ? B % & B E302

oRoq e kiR P E RO H § Nok i T ond S - B A G A4 dogi iTr
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FEH R R R Do e BACE T R LT RE A E N A4 b s ik Autum

P (Autumetal., 2002) & " £ if | SIO2 + 2 2k B % B feilcdo gl 2 32 o
26 “@LF A

SRR N e R TR SRR A S I IR U W e s E R S N
5 ki/mol » Mt H W fesBg (4o dd > G4 I EE S 2 £ RA) TR EOT B4t
Flt AEBRT FARLYE c BH B FRET ol L W AR T AR E > EY
ARy e B o iTH FERA R S X 5 (9 0.3nm)F] 50 nme & 4p e d (< 30 nm)2 *
T4 B2 ~F3 4 FvdW ¥ % % (Hamaker, 1937; Israelachvili and Tabor, 1972;

Israelachvili, 1992) » ;¢ 1:
Fvaw = H/(6nd®) 1
H¥ H i Hamaker % #& > H & 5 4x10-20  4x10-19J (Israelachvili, 1992) -

# B e Haase (1990) % #1990 & e 3 A1 EEF chgbi4 £ “E L 4 St o

Ruibal 2 Ernst (1965)7] % 1965 5 d #Fp s\ 7 F B icse s TR L 2 &R T 8t gy

B Fl@ faih e F F T 4 ot idedy 1T o F Ui R 4 EEEL 2 3 AR 0 B
REALZ2_AR' A W3t E 40T 3k Hamaker ¥ #ici 10-19 Vo R @ ff 5 2x10-14 m2
(Autumn and Peattie, 2002b; Ruibal and Ernst, 1965; Williams and Peterson, 1982) > &= & &
e B2 jE4E 2 06nm G E > d PV REPHE - FR2 A4 95 0.5uNe
F A fRL T35 BE0 A R E 0 H - WS 244 95 270 uN o - S RE 2 TBLE
%) 40 — 400 pN gl - 4t &2 Autumn 3 4 (2000)2 F Sk B4R 7 0 B PR RIS T K
ke(Micro-electro-mechanical system, MEMS)z_ # | B » |18 H — $RL 2 g~ FL5f 4
¥ 5 200 puN - Autumn % 4 (2000) ¥ & Bl EEL #RL fgn ks BoK A G 2 b4 0
FHBETI4pE c His - B FHEET MR ©EFL 4 LI Do 84 b
4 Bergmannm £ Irschick =% & :#5 (Bergmann and Irschick, 2005) » p #v — 4k < )E&;—‘«
s BRI Z A RREF WAL IR
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SV R B RS UERAT 0 4 Y kA TR g g B i

34 GEBRI AT B F 0 ARG AR SRS AP o TR A

BE? (FRFBEME) cF Pk mvy T8 LML e B R %
AR RE o EREHPHEAG L REREE(TRMZEN L) RREFRL G

Fr 2 MArA )T g ARG F A HMA G R AERTTRY B €S2 M
£ 2 kK L g g% (@annular-shaped capillary condensate) © & H %%;% & (meniscus) & (=
B i) AL RIAL 5 H #ook (pendular ring) (Orr etal., 1975) « # #-ix 7 f WA Acidp > &
T B BE R 20 GRS R BRSPS — B2 %&»%‘“i.’:‘z#@(adhesive liquid bridge) (Fan and
O’Brien, 1975; Phipps and Rice, 1979; Zimon, 1969) F]m & # £ ‘w4 i$ = B ff 2L/ 2. %k
IR o L ZRMALF I B A% R R EY > A FRa A R

(Bhushan, 2002; Bhushan 2005) -

dOTE R A AR B REEMG T SRR a2 s
IR LR 2 AR Y A SR AR - 30 R AT D A s
(Hiller, 1968; Stork, 1980) - < % # #c & #-#&(Kim and Bhushan, 2008) 12 2 % 7 & & &
BPEHT PECORER Z AR £RIAET Y R %% % (Huber et al., 2005)35 4 4% £ n i®

* A4 gt m?‘-ﬁl\- o
= ~ £ A% 3L (Hairy Attachment Systems)

FEAL 2L R AR R AL B d B HEM 2 58k 2 (terminal elements)hﬁ#s\ P
gos A RarE 0 f(beetles) ~ FusE R A 2 Sekk s YRR E o H BB Y 4020 do ]

2 975 o BRI B B T SR AR A R £ 3 35 e’ B K b s(inverse scaling effect) 0

~=h

THEZ AP HAHR A RECd F7 FPL 5k Ao BT B A

E
&

3

AR A A FRALZWE o e FIBR T A6 5 0 Mt st R e
B39 5 @ BEL PR Fo= ok (sub-um)zg R A i FE RARE ok o 3 42ff 4 £ (contact
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mechanics) 32+ € i 2@ fErc i > H 2 K B or A A (spilt) 3 L w2z IR
(subcontacts) ¥ #f ~ &k ¥ sx% o d Arzt ¥ £ (2003)% Kesel % 4 (2003)2 §F % #cpp v &

HBEAABR p(E = B/m2)EE m(HE > kg)z B o™ (54 2) ¢
log p =13.8 + 0.669 log m. 2

B2ty ? » Bl BEAL - BALTALES ek 2 BT 42 %D

§c 144k % (dry adhesion) 5 @ ? & 2 Zusp| i Fﬁﬂi‘fﬁ B REIR A o

Beetle Fly Spider Gecko

Bl 2.(A)" & ~ (B)F s « (C)imek ~ & (D)EL K254 % ~ (Arzt et al., 2003)

REAL AR AR A AE T O Hyrpb & 4 2 oo A5G UERR o Rk A A 2 FF R VB
TR 4t L PR 5 (lamellae) » & & 1-2mm (4 =2 g & b)) SfHF B S R
R, FlPt Wi A H e EG Tt 2 T BREE c BELATERM I I RFS
BRAHE RS L] & T2 F ¥ iE 14,000 $2(Schleich and Késtle, 1986) » #& =< £
30-130 pwm (Hiller, 1968; Ruibal and Ernst, 1965; Russell, 1975; Williams and Peterson,
1982)> & /= 5-10 pm- 3 & = (> 5 % ZXP & F % (B-keratin) (Maderson, 1964; Russell, 1986)
2 384 ok F % (a-keratin) (Rizzo et al., 2006) - & 3¢k * & =54 < 1 100 2 1000 12
s epie = (Hiller, 1968; Ruibal and Ernst, 1965) = 7= 0.1-0.2 um (Hiller, 1968; Ruibal and
Ernst, 1965) > #c p fa(stalk) k= £ 5 T = £ 352 =%~ > £ & % 500nm - & & % 10
nm (Persson and Gorb, 2003) » & A& % 200-300 nm (Ruibal and Ernst, 1965) » ;i /8 & >
L E R o B R ke ® % #(spatula pad) % & i..%f#ié HE R4 o i ?f?r;a‘%ﬁﬁ °

PR RS E R 2 RS LR S A B B b 2
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Bri Bl R R LB MA G A AL R R B RA RREA R EFLTS %

Hp H o
11+ = g (Tokay gecko) & &) » H K 3RALF & & f# 4 220 mm2 > %rik + £ 5 300 g

RLLhpkt » B9 1 RARTE R4 PE A B A > Fla S A @A H o@g i

jou!

4 7 &4 % 20N 2 4k%t 4 (Irschick etal., 1996) @ H i @] wxft > W 2 KX AdE

R

e P FE Rz P4 oo plrb s At ERL 2 TR 4@@%®ﬁ¢ﬁﬁ%w4iﬁ%ou

N

HigkL a2 %3 25 uNL%ipt?fH v A4 20-40uUN 2 FEF 4 > 4pg 3 8-16 2 4L F

% % (adhesion coefficient = adhesion strength / preload) (Autumn, 2002a) -
o RS AR RS
4.1 3 4eRbtit 4

Autumn % 4 (2002):0 5 #-* e A B2 F ) B o T R A AR F ok o TR
TLERRAR R X FERFH ARG A > WHEP T L EFREBELERRASBARLEIERZ
21k > 4 JKR (Johnson-Kendall-Roberts)32 #; (Johnson et al., 1971) » ¥ — #j§ 8Lz Fk%f
4 4L Fa=3nyl2R/2 > H 7 y12 5 & Ejf o B 2 4p % % & it (Relative surface energy, unit:
ImM2) o 1345 JKR JLmALA 4 50 1 1020 Ry F i gba = 2 n L 2% B p
Ap v &) F B (self-similar scaling) (Arztetal., 2003) > *= - &% X = r=R/n1/2>n & ]
T R2 834 Fa’=n(3rnyl2r/2) = nl/2Fa> F]t & R s fmz n L) &R ¥ & Ak 4

B onl2 e
42 4 2 A (P IRER)

L RIS Y 0 L dw 4 (capillary force) 2 5%/% & 4 (meniscus force)¥ & — I 3 4r &k
't 4 (Bhushan, 1999; Bhushan, 2002; Bhushan, 2005) o =& w31 4 (Fc)d 423 4= 27k 4
(Laplace pressure, FL) % # & % # (surface tension, Fs)#t#& ix=(Bhushan, 2002; Orr et al.,

1975) » =% Fc = FL + Fso # ¢ FL #83a aff 32 ;@ Fs %k p % 8
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(circumference) t 2. 2 m 3k 4 chd-2 2§ > H < [ B2 &% G B L 2 1t o F 84
(meniscus radius) %] ¥ #f§ & (contact angle)fi ~ pF » H 2% H P &g o fpLw 2 Jo 3 >
FHREBIEFAHA SN BER > R A R BT RN E L R E
Bhen-1/2 %o B R A A AR G nl/2 %o Fs 7R3 5 nl/2 & (Cai and Bhushan,

2007; Bhushan, 2007) » A~ B {584 6 % 4 & ik2 £ w4 W 5 Fs’=nl/2Fs -
4.3 % B"ALAF 4 (PIRER)

FEALEZRI AR A G PF o SR PRARF 4 Py AT N 2 R4 o R e A A = n

JEfe o B PR LG o BPF2 BARF R4 ¥ '8 2 Fv/n (Cai and Bhushan, 2007) -
IR h A

4 gL i o (flat surface) B 2 38 o ¥ fetdka - 4 % e d b 24
im o H Bf PR Ow H(F = 5 FE)i2 0] AR o f# (apparent contact area) o F
b R B G AE E AR % #c0 10-2 3 10-6 (Bhushan, 1999; Bhushan, 2002;
Bhushan, 2005) o F] g $F++ % A ju ks - B L &L h3 A& (compliance) 2 if fie &
(adaptability) ¥ 8 2k%fic 4 2L¥ €& > B AW S WoriE S 2 A N BHEE B ik ix

o e B fd o ff (P gt X 4 A 1) (Sitti and Fearing, 2003a) -

CHEETLTE

- 4@ 3 o At (compliant) 4 B v B (rigid) B F ERE S F B e A F D)
5k 2 ZEN AR 0 Blde— AR M ET R A 2 ap(compliant) 2% B 9 (uncross-linked
rubber) > # 4 < fic#ic(Young’s modulus) E i~ 1 kPa = & o #A @ BEL#kL £ i * § 4 1444
HL o M A RITERS I PR G o F A A RS AR R FRET R A -
R A M2 AR AR (stiff material) - B 45 S 08— 441 2 20 GPa 2 & (Bertram JEA
and Gosline, 1987; Russell, 1986) - && " 4k +1 (E ~ 210 GPa) i< » ¥rig B »* < B #%

(cross-linked rubber, E ~ 1 MPa) % % 7 i # ezt B o fm g e A B g 1t 2

Riad
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i A REAS R FRER L 5] 2 B e iicBic(effective modulus)is £ 100 kPa =+ » " M 4 B

BBt o Fla @R SRR B R BRI A MR AR B

it o
= FRES
B pF o BB fﬁ‘ ,T4$|\x4:k]'uﬂ]:); fb B4 pridd-B :]%}Ef-; AR T =l
Bes gt o Ra Hip A2 wgd JpFEE S L AR Rsa B R i
LA R B it 20 me/H BB 0 H Tt E aubAEr 2l misid R

Foroo gtz od SRR RS BB PRI SRS 2 Sl B R 0 i B A
MR BRI A 2 AR s A BE F) N = 2 %R ¥ (attachment) £ % 4 (detachment)
2P o LA E AR A 4 FE S TV AR (reversible adhesion) s T acAR
t£ , (smart adhesion) (Bhushan et al., 2006) - H i 17 f R §k L 2. ZLHE 5 > 5 4

2% - & R pEaR4 &5 (Shah and Sitti, 2004) > Flut (7 A PEIE S e RS B ARG % &
RAE SR LR Rk S

RE AL i BB AR g b AT AR 2 £ om (RS d §R 2 A4 i® * (peeling action) > @ #
MAeEa st 22272 % o Autumn % £ (2000)5 5 12 R %7 7 R pRS 24BN 4 B H

Z P e s *véﬁriiﬁafr‘ 7 B - Shah 2 Sitti (2004) % FB~if 3|4k " e %k 97 2.7

e
pY-

i
Exd
i
=
™
**-
o
‘o
F_‘F

Ik RT2ANA o FRERS EEH S 30°8 44 A
5% o Gao ¥ 4 (2005)4-¥H - L L F A g B G UL F AT 0 L ERT D
ERMIRS S 4 REBAEES 2 e RS 4 &2 30°PF 0 H & st
(failure mode)i & % T+ (sliding) ; £ 2 <+ 30°PF » H 2 »efrva 8 5 T A4

(detachment) — * 22 Autumn % £ (2000)2. & % 4p 3¢ o

Tia & 4 (2006)4% 4! fe gk £ A~ B4 r > & R FIFH W AH 2 Bl g 2 £ &
foo Flpt B R E O vk i Pl AR A2 vk o Bl 3 5 H - RS 2 4
MR SR EEART BBl o 4ol 3(@)T c AP ARARET > B RAKT LI T RT o
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TGRS dm AT 30°2 & & o Flt FERBRIB LIS A G B IR A R
L Hm R 2 A A AR 50=90°2 05s=30% S PFEG CETERABMFIFHEL G
GRAERRERZ) s R L L RAES WL G 1 W 424 0 Bl L B e p
¥ (gripping or rolling-in) ¢ #& < = @B 3(b)2. + F &£ :&H > L PF O &2 0s & W] 3" 90°%
30°° % P #EE Bf » 0% 0s ) I A e TR L 5 FM R FAEA F
FAHE e o gt vb > d B 3(b) ¥ 4v Fn-seta/ FL-seta = tan6s > # # Fn-seta 2 FL-seta 4 %] &
(% 30 gRL 2 25 4 2 Pl 4 o HEA G EANERA 8BS o F R TN FER
0s /| Ak*H 4 Fn-seta 3 4c > Flutd F U7 A Fl-seta € M2 B4 > T ERA B
B4 o i5¥ 0% L AR R S (Autumn et al., 2000; Autumn, 2006b; Chen et al., 2006) #74 3
BT REAL BN 2 B TR Aot 4 R B 2 LR o 0t b o d 210s<45°) T
pt Fn-seta / FL-seta < 1> 7= T Bgx4 X 30404 > 7 R L PAELX F i LB
PG AR LFHE)n 2 AR T (FA S AR E) e w0t BT S FOs
20K RETRARN A B R 20 B ME R AR 2GR o BldoR] 4e0s 7 B 4o AL
RS AR o 0s Hi4e 1 B0°PFE Rk i o AR 30°18 FIRRS /R R B

R AL RBYP LG o FPUEREL AR T B2 f RS EERe £ 3048 i

b Rolling in Attachment
Seta shaft Fs

Os=30°
Fi-seta ._( \
Spatula shaft Fr-seta Os
Spatula pad 0

Substrate

C Rolling out Detachment

Lever
action

A

|

Bl 3. ARk AR e ¢ R B ()T R o PF o (D)ARHEAR 0 (C)MALiE AT

(Tianet al., 2006)
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BRI ERAOR YR & P %ri € B4 (rolling-out) > i€ kL 2w T A 2R
A RE(O=90°205=30°)c F Lt o FOSKREBRMNE T RED L1 2 RAER
AL F 5 o doB] 3(C)HF T o M TR A R RS WAL G 2 PR AN KT L5
0 H g AR R & R~30° Flp i RRS AR o T 7 FIEL o Bl 3(C) X Ao &
B F AR o AR SR - P RO T RERNUVZERD 1 2 RERPLFZ A
Hood ATERL % 2 HF 45 (% (lever action)ié 7 97 % 2 F 3 4 R MATERY SR R 0 1245 Tian
¥ 4(2006)2 3 5 o TF 2 P S WS ARHS hF A2 - 2o dfhd R RS B R
FRG 2 % d o FATIE 300 T E KpRL - - PRAPY o - BURFFHE R
denivi o FILBRARGTR L LR AR RERRS AL REARYEL G TR -
Bl o pnE- @R T2 ERARTARLZ BFE RARTT =B @R
Bm RS LG o B RS SRS RN RARTE R R R A & TR R
LER Il mls i BOANIEEEY £ 5 9 2 A L HRMAEAYH R PRS2 33 o
AP 2o FOhER FP - KR P2 BT REIEER 0 Fla 84 < £

BRI

g\x'i

B i e

Feb o BE RN E I AE RN B (A F L e 2 ) BB

|rml.

@RS LAY G o 30°& M Pl S ARAon kS AR EENHI AR o R d R 4o RS iR
JRG 2 % & > FAZE S0°HE AR AT K T RE - BATL RS - P P RANY
RS T

N~ pi%ie® (Self-cleaning)

— ALARB A E Bk %&ﬁ&i}‘i?m % 3 ApM > e RETLZ MR FR 0 F A
HgRL B pFz o AP B ravkc S ghp F 44RA (Hansen and Autumn, 2005) » #]
PR - kb A RS o R A SH T T RE P o 5 ARG L R
BeprF o W R DI EER B R2Z 3504 5 gt 2 ZRF 4 OF 25 £ 7 T T (energetic

disequilibrium) _i# > 3 (F s dg2 B Flo dofk @ 3 MAPEEG TF 20 B 1 3R RS
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BT RTF 2R B PR TE F A o o AR Bl BRI R AR L %ORE P
IR 9 eh— FE372 (Hansen and Autumn, 2005) gt ¢ 5 B Besfe F 2 R IR G 7 F B
i »c% (Huietal, 2006)- B 4 27 & REF 2 4 e 5 0 & — B0 RAH - L RS

7
=

1

- ALRABS TS - BT > FNERS 2 A hd 05 g o TG W
FEECTFRAAIE P2 RF o UR AN G AR AR B 2N R B
d 3G ff Sl o WA B R 2 ¥R ERIT 0 3R 8 8 % (Hansen and Autumn, 2005)
Bm S g 24y 0w AR RN RSB o Fpt W S FEE R ARG
RE2 Y AAEERT R e v R AR AL A s TR AR R RS
FIF 2z Mo RS i p R 4] (dynamic self-cleaning mechanism)gd g 144 #-H
oo Hu 3 £ (2012)4% I EE. i@ B AR Y o %Pﬁj_;gig* farrd T (digital
hyperextension)# it ([l 5) @ H ™ Hk 3 g & 4o B0 i w9 p A Bk 3 17 11 80% o

FAMG Hu B A gk TdpiaE W 47 Tian & 4 (2006) #r#% " %emk b g (rolling-out, B

VR - 67 LR ARIF LS R A RS L Bk

Bl 4 T RLA2 4 L4 (Scale bars: 10 um) B 5 Rk Amen 4y it
(Hansen and Autumn, 2005) (Huetal., 2012)

’L \_‘Lﬁ&’ﬂ'
AR R AR S A G R R PAE s B

Ftd d 2 BARE TR AP M TR S RLIEACE K A G AT BRI AT 2 A%

?}2&-’?“}4 °

S A AR AR R RN AR E RS RE G K ALF o WO LR N
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0 S5 d ez f f42 (micro/nanofabrication) 2 p e Z s (self-assembly techniques)
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