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Abstract

Nanoscale task such as nanolithography and nanoindenting is a challenging work that is beyond the capa-
bilities of human sensing and precision. Since surface forces and intermolecular forces dominate over grav-
itational and other more intuitive forces of the macro world at the nanoscale, a user is not familiar with
these novel nanoforce effects. In order to overcome this scaling barrier, haptic interfaces that consist of visual
and force feedback at the macro world have been used with an Atomic Force Microscope (AFM) as a manip-
ulator at the nanoscale. In this paper, a nanoscale virtual coupling (NSVC) concept is introduced and the
relationship between performance and impedance scaling factors of velocity (or position) and force are explic-
itly represented. Experiments have been performed for nanoindenting and nanolithography with different mate-
rials in the nanoscale virtual surface. The interaction forces (non contact and contact nanoforces) between
the AFM tip and the nano sample are transmitted to the operator through the haptic interface.
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Fig. 1. AFM (Atomic Force Microscope).
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Fig. 2. Non-contact and contact MD force models in the
NVE.
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Fig. 5. Nanoscale virtual environment experiment for
telemanipulation®.

BHE yeldd. 3 NVE= impedance display®
A, AR(ZE )7t dFola, ol &Folrh
Omega® e AANE delta HH2E mjAVS o2
TR e 3 AHE FHEN, 2 P
88 mm HAMAA 0], Hrf wHEHL 20N Aot

24 LAY JREd

yr2Ad 7P AFMI Ui
3§ BAFSH] 95k 7H“LQ91 W, 1
et itk 9714, ARM §H2 72 BAL Hoj
UL, T Y sMEEE el gt Fdo W
I} =Z71E Vepdth T8 cantilevere] W9 Ve
ERE BAF itk A% w9 ¥ 2ZdS AFM
probe B A &EHYOH, iz AE FHS &
22 (spline)- ©]-&3stq ZdH st

3. ®4-He =& Mo

3.1 Hybrid Matrix

AUy 235 93 A4 Ao olFEHE 2
d 6ol JERIAT. <1714 8 EdelxE 2
TE UEYaZ dY Fon, 239} sH
g4 A YARL 7,(s),Z(2) % 9

V 1 )T(v ¢ @ . v
J
iZh(S)) ]Z'1d(8)l Z'(2) E(Z)
e
P el e Ky s o

Haptic device Nano-Scaled Virtual Coupling

(NSVC) with adaptive damper

Fig. 6. The tele-nanomanipulation control architecture.

fi S £ 2 o 43 2ol mAME AT,

fi = fo_a = Zn(s)Va
f*

e = fo + Z(2)Ve (1)

AZIM, wet ve ' 2AAS} YedwE olE
SEE 247 Uehi L, fie 23R o 943
Hlell shiAlE 3 f = UnsAd 7P
A AFM HoZ 7heiAle ge et

Omega® FYAA] HHS Tustin HHL A
|3t U2 22 dodaE RdEE T 5 ol
T2,

Z,(z) = (ms+b)|5%2(ﬂ) 2)

Tz +1

o] 71A, aliasing &3 FAIE 4 912, MEHE
TS AFAe=Z 7P & 9}@

g taEd ol o]itstH slo
3 2ol 584 & Ut

fo| _ [zd(z) ZOH(z)| |V o)
—VZ -1 0 f:

o714, zero order holders T3t 7o) EHHT].

ZOH(z) = 1z+1)
2 z
TS 8 AR YA TR &
=HA) 2 e ARE ofget A
Vi = v*——l— -
‘ T Z(D)°
f, = agf, 4
A7|1M, a2t o 22t S o] AL Al
& YepdY. Z+&= virtual coupling YHEEE
R 3z, ofefe} ol mdlyg E + v}
k
Z.2) = b+ )
s (%)
webA, NSVC7E 238 A stolBd= JELS
ot o] A3} o] fredrt

Z4,(z) oag-ZOH(z)
f
{ h,} - ] 1 {Vh} (6)
-V —Q, f

Z.(2) .



A3/ 3= EH T3] 39 (2006) 64-69 6

~

32 NSVC & QmmA Az
YA 2] A (teleoperator) §lo] vz 2|HPHR oz 2}
e o] =Z(feelingye ZZAMIA AL 5= Q)
+ AZE transparency 32 fidelity2h o) FHcH,
ol dE QB ol Aeg UEiie el
71% 3lth. Colgate®} Brown'V& o]# 3t %24
2 Jehll7] 95k, dudA WS Zwidhals
Moz =qistith mEby, B =RoA = v
=AY TR 9Y AdEsol A, 44
A AT FD22)9) 58 Fahys]
= ASAGE g

Y 6°1M U=2Ad 7P XES &
NAR (L = Z(2)v)), 78R AT 22
thedt e dudAz)z AgEy.

0,05 Z () - ZOH(2)Z,
ZC(Z) + Ze

rlr )

Z,=Zy(2)+ (N

Z-width®) 3 38 We Z, >0 A,
f.=0, short circuit) TS Zo] FET & Qo)

Zi min = Za(2) (3)

3 Zwidth®] 38 4 HYE Z, o oY F
(&, v.=0, open circuit) tF&3 Zro] FE& F
At

Zimax = Za(2) + a0 - Zo(z) - ZOH(z2) ®)

Wb, Zwidths o3 7ol A 4= )

Z = Zy min + 0,05 - Z.(z) - ZOH(z) (10)

t, max
A (10)oA Zwidthe dFELE 2ALY Al

(a,0p) ok WFE 7129 AHD2(Z(2)) & BE

"oh. @b NSVCe o3t o] o=t}

NSVC = a,0p- Z(z) (11)

Abgre) A W el thall, transparencyd] FES
& 217171 M= fEIE H ol o] He ¢
A2 DA (Z-widthyes AEE 5 ojof 3}, o]
A3 Zowidths F74sk7] 8lA= 24 (1004
Bt upe} o], ol AALY A (a,04)
A AY, BFL ALY AR X(Z(2)) E =
Al st "ok ek gERIE o] AvF dgA
(absolutely stable) 3}H, Z-widthe T8 7Vs3t A
steF ML dEds dge veRIgY.

TRk e AAd TP 734 ZAAL Abole) &m
(F2 9A) 2ALH AFE o, dudx 2
ALE AF(a,0p) A4 \_21]‘: 3 2ALY AF
(OLF) A-lx% ':'Zﬂi D}/‘i} Q]:]. ;lx‘:’iﬂi fslhé] 0]
ool 2e] AFATL Z-widths S8 93}
o, 3 AALH AFE Fr/7E "o Az
g ¢ ok 238y, AEE 4 JE Y A
A B Y QlEHo] 2] A EA wjEo
2 BASE

Goldfarb'’&  x}913] 2] (dimensional analysis)'H <
Tt o ALY Ao AT =& ¥
™ A& (surface adhesion), =, & AFM H<| w7
I e FFAYA o 7:]"1"\_. ap=llo, &, &
adhesion Y ALE ap= 1/l 02 HAT o) ¢
T2 dFol YEIEE BRIt & Yk HE9
hardnesstt taskol] webA, o]2igt 3 2A|LE A
T(op) THEA A7 3pedof gty

o

4.4 H

Fig. 7¢I Yebd M7EA] 579 taskst £ 19 &
AE diste] AEE PFsArt Task (a)= L}L
EH st AdFAE X1 (10~20 nm)sHE,

2 UeRFEY U UAAE X Ho) A :z/u o}
© HAYE YEd Aotk Task )& (o)==
nanolithography} indenting 2F1-& yehd ),

AFM Tip

AFM Tip T
AFM Tip

10~20nm i

(@) (b) (©)
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Table 1. Sampled material properties'®

Young's Surface Poisson's
Material modulus ener Or:tsi(())
(GPa) (/M%)
Silicon Oxide 70 0.2 0.27
Polystyrene 2 0.066 0.4
Silicone Rubber
(PDMS) 0.001 0.022 0.5
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Fig. 8. Task (b) and (c) cases for nanoindentation in a
NVE with the haptic interface.
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Fig. 10. Nano contact task for nanoindentation in a NVE
with the haptic interface.
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