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BREAN ARG Sy BONLAE FE AR RN AR AR A I RS TT 17, W& 9K A5 AR I AT SR 2 SR U9 oK, 234
LG (SEM) FITAAHLES N3 RGERENS SEOLBR IR B SR BURAE. A SCE AR BURAE iR GVUKE 511 )
T (AFM) R4 [0V 08 BLH- ) 22 B AN R AR A T Y 48 BLH O 8 A T I gk . 78
SEM L5 S 15 R Hh e AN AR AR 2R, 1 S B U AR B VAR R AOK 5 AFM -5 I EAIRES, 285
iE B S Z 7 RN AR E 5 AFPM R4 2 [0 A0 B R IR oK B 48, B Ja BT T B8 BURR 9K
LIRS REY]: A BAMUA AR BRI BRIKE 5 AFM REH R AR, ShSZ RN FNRNAKE S
AFM PREF 2 [0 2 Hfih, A5 58 4 2R AR R T U0 4% 453 (0 B A7 2« B o I P2 AN 40 Rk P52 RE % RS D 47 HR B 4

KAE.

PACS: 68.37.Hk, 02.60.Ed

1 5 7

KA K (carbon nanotubes, CNTs) H A
RE IR FL S AN R v (92 B 4K T B
1 Bl AR R G ARG B AR T A BT 1 b
FHHT St 358 R IR 40 K 8 R PR Bk 4 K 1 R
M. EEARE (carbon nanotube field effect transistors,
CNTFETs) 4% F T fiff the A% Gt 2 Ak il i T2
(1 e e o 100 AR 44l B K A R A )
7 [ B/ B B8 K 2 Fatikow 25 Bl N K246 2 K
% Sun % U1 22 P T R 40K AF R G0k 7T
BRKE WP AR R V. LT GOKERAE R4t
FERET T EBE (atomic force microscope,
AFM) B0 3 o1 7 2 fUBE (scanning electron
microscope, SEM). £ AFM A~ g S i W 52 ik 44
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i SEM R AR —4E R, ARESRIFIREE S, BT
DAk 25 Bl g0 K B8 A S AR S ) 5 AR MR B 4% fik
REE B TERA, BIESEM B gk E 5
AFM #REH B R AR 4, (HSLPRiRKE 5 AFM
PR AR 8 He ok, 2 18] (Y648 BLH- BT J1AR /1N, B
YUK E IR SR BUS AR P vk 2], [ R &
% K 2% Jahnisch £ Schiffner '3 3 ] e #% o 7 R &
BT AR BB, AR B 90K % L7 1a) (1) 2 AR S AT)
SRTCVETf e . 48 [ BR 8 48 K% Fatikow %5 F) H
SEM 2 £ A% R 38 i BRI A8 A2 i R o
REEAS D4 H T SEM 5% 1 520 I g Ak 35 1)
0 I/ AT AR ek ) I S BRAR IR FEAS
Bl BRI T B2 IRGIKE .
AR Pl T SEM A5 S 518 B i 4h K
B 5 AFM BRE 2 [ FE floiR A 1 J7 1, X M7 i)
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CAFE ANIRAGUR BE A B A 15 DL T ] S A Rt 45 Bk
GKE. (£ SEM H &8 h 5 @ e pLas N A
ARG, LIRS SR, 12 U A28 5
R IN B A K A AFM AR EHE AR, IRz 3)
SEMEINERNE N ZE AL, FERIERRIAKE
A AFM $REH 25 8] A7 22 (K kAl 22 B, R4 i B H
W11 58 R ANK A B S AR BUERAE .

2 % FSEMABINNE AR TR %
it

BRIV T DURAE 77 ARG R T AT, A
FH W2 TEEZEWNE). SEM (Zeiss Mer-
lin Compact FE-SEM) Bg % S i 0 I 49 W 4 )i,
BA®mED @id G, A 28 #iEs
6], A LAz 8 2 Fhoker P E AL e B, HoA AT A
DU AR, AR SCHE i 5L T SEM B A pL 48 A
A R G0 U0 AT B AOR B R B AR, i L pT
N, AHLEE N BRIE R G B A 16 H L, FE H
BIEl. Bot2. Bor3MBIud Ak Booll
3 H B F SmarAct(SLC-1720-s) gz zhF 4. 14
Picomotor (8301-UHV) HLHL A AFM #4t (OMCL-
TR400PB-1) £ i; HoAth = A~ s o g5 M A R, #82&
i 3 B i E Sigma(TSDS-255C) fighiz sh°F 5.4 1~
Picomotor HLHL A AFM #R%H4H i

Tk 9 oK IR £t 5 o0 L MR T 3 58
B SmarAct ¥ & ¥ K &, 128 3hI0 B AR BOR, %
il 718, i e REas 5 AFM $REFER:, MR T L,
B VERR K. Sigma T 518 3 B K Vi Fl i
AN, BRA BB, 23R T3 B AR TER
BOS 2 P R R AN K BE IR AL B, SmarAct 4N
ZBIFEHES S 2, v, 2 =AM E %I
5)), Sigma fll 441z 3))°F & 7E Picomotor FLHLIRF) T
RESEI 2, vy, 2 =TT M EEIE5), AFM #REH{E
Picomotor FLHLIXZ) T BESL I 360° hEd%ia3h. T

PLEE NIRAE R G SRR EE SR 1 s,

AFM PREF BB R fan B 2 fros, 28 2K
FEN 400 um, 30 RECH0.03 N/m, HERH A
— 24, DIETE SEM K TR & F IR, ik
Fi AFM 258 BAREHE N AN ENL 3 N RGLTIK
U PRAT 8%, BRI LT R A4S T X 8 AR 4
K R ok B P 3 22 L B 0 A A T HE R A

SRR LIRS (355

Fig. 1. Micro-nano robot manuplation system.

(a)

(c)

K2 AFMEM45H (a) AFM 84 (b) BB, (c) #4R
Fig. 2. AFM probe structure: (a) AFM probe; (b) can-
tilever; (c) tip.

®1 WAWSRNRIERG T ESH

Table 1. Main parameters of micro-nano robot manuplation system.

FESH SmarAct Sigma, Picmotor
ERs) SLC-1720-s TSDS-255C 8301-UHV
J~F /mm 33 x 33 x 30.5 66 X 66 x 45 63.5 x 32.2 X 56.5
AT /mm r+6,yt6, 216 r+3,y+£3, 243 —
HRIZFNEE /mm 1 30 —
WEEZBIRS BE /urad — — <1
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Fig. 3. Architecture of the control system.

AL & N BRAE R Gt 2 38 fE SEM 1 7 JI5 =
W, IR AR A A AN AT, W3 T
N, HUBLEHLE @ R E AL A E i TCP/IP B
WOERE, Hh CZEMAPLOCX, usbdllL.DLL 1 MC-
SControl. DLL 43 7l)7& SEM, Picomotor I SmarAct
BN ABEREE, HT SEBLE R AL EmIER. &
FEEHA WG F R E R IRER, 2 BG4
HA3 3| SEM T k99K E 5 AFM #R B AlbR 45
S paras, T35 ] Ik 55 A% A AR HRHE S I R 4 )
A IRB HNLIE S, ST S R GKE B
B Ak B A PR R ] 117,

3 BAKRE S AFMBRAER A B

PR A0 K B A AR R AOUAE L 0 a0 B el i, sk
YPUKE 5 AFM PREF 2 18] 2 ZEAFAE 048 B -7 77 AN
FrHL T, B AFRM PRET 3 Hh ] 2 i B T AR, T
TER ST BB E LE e, BT
PUREEKFATLE, 2RI G, Hemass
0L, AFM $RET 5 5k 99K 5 B2 il 5 AT 18 2 PR
2, H AP Rl 2T Y O OR8] Rk
IhEE HU mT RetE 5 .

WRANKE N 2 BELE R, 25 2 2 (8] (1 1 25 A
BHEST, A 20100 nm, KEEJLDZEIL
TANOK, I T 5 RO R, W B 9K 8 5 AFM 4R
Btk mT AR A - THI 28 284 g 7K1 2 A8 X
WE AT, AFM SREF 1 EE 30 40 R HER ST AA 25
M, SRR R A, 6 AR B E TR
BUN, B 5 S BRI E WLV, 2B 9K 4R
W DRI, 7536 B 72 A R 8 o il 40 K A e i 1)
AFM BREFEH IR 43, DL 52 i ik 40 K 8 1 46 B
RO, AT 3 R B AFM #R4HEF 9 17 3% 191 18 [X

5 R OK S B AT F AR A, XA 23 X IR
AL IR AR (30 UG 22

CNT H[ Pz AFM

4 KPR
Fig. 4. Horizontal (sphere-plane) contact model.
BANAKE 5 AFM R E KRB R 151
HBEA

GO
Hob LRGSR 5 AFM R e B il K, d Nk
PKE HAR, H AWAAKE 5 AFM #R 5T £ fi B2
B, ANBRIKE 5 AFM SR & 42 fih 2 1 06 B2 3
BiNRIREHE S A, Aa,_a, = 547 x 10719 ],
Ace = 0284 x 10710 J, WA = A, 4, =
VAc—cAn,—a, =1.246 x 10719 J.

BRAPKE 5 AFM SREF Kl =0 1y 4l
FLH /) Foaw N

W(H) =

ALVd

deW(H) = —W/(H) = _W’

(2)

4 BRANKE BRI AT

BRANAKE 5 AFM BRET R A B, A/ 4
SV THT DAY P T B i, 7 o S AR 2 ) o = 2,
AERIEE R, & MR 5B & R E A
MBI, K E 5 APM REH ARG,
I TV S E T PR, AR T AFM 84 =
Wl 5, A EEET, RAEVIXRLAL. BAKE S
AFM 0] R fit 2 — Fh R AR R, 2
B — A TR
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AFM 5 BA — NI, fEf L e A 5
AR, A BRGNKE H0 B A ) 3 HE R RIS L
NN RGFE. AFM BREF £ 30 73 R BUHE IR
SEARES R, Il 5 B, Bl R AL H R ) SEM
BEG UG R (BB L EAKEBEN) Ot
ARDR I R ST IR AR R 2R 2y O, L AFM $8%5HEHR
P8y HHEAR SLAR S5 4 [ T0 5 Op A£E 2y Or FEME AR bR 5
R AR AR A SR R SL AR AR BR R 2yOa, T E SEM
KRBT R 2 J7 ). AFM SRS AR 94K
FRXH AL B AT LA AR5 2 2y O H SRR, IF
HATUEMAELLOp F G DHEEKE N1
{0 [ 77 DX A, 3 e 31 4 Pl A e R P L 9 30 B
SEM H B M7 15 A2 IR 22, AFM PREFATBR S
KA AE AT AL 2 v RS B8 5 o A 0] 42 il 2 A
HLLE SR AT.

O «x

Y

L

Ox

Bl 5 AHXT AR R 2yOa
Fig. 5. Relative coordinate system zyO,.
TEAIXT AL HR 2R 2yOp N HUBR GRS B3 T
(zi,y3) (0 = 1,2,3,-- , N)BEAT /D ZRVERF,
M= A B 2 IR K, N

. Nzl‘iyi - Z%Zyz
m NZ%?_(Z:CI)Q )
Horbm RIREE m AR, Ky, (E R BB B
BF T DA 4 8 B 9K 8 5 AFM. R kAR F2 fi

3)

H Ky, HAE B BIRAE LN BA A, 7] DU 4
HH I 38 NERAE R 48 B £ JR DR Jl 1) GRS
H Ay, 2R 5 m ERAE IS A& B 4 il A2 {H, 7T
R AR N 1 ARk

180 |arctan k;,, — arctan k,,, 1]

A, = - (4)

Ay B Foy AL, Ay e S 1T 25 HE A 5 Vi
e o A8 BEAS A B KA, 24 Ay 35 500 KA A
i, 56515 o VR AR B K 5 AFM SIS
fir B IR 2,

Am = Am max- (5)

5 BAMKEMLIRAHRIE
5.1 BRAKES AFM IR HARREY

Tk 4 K B 5 AFM 88 51 25 [A) 2 fil IR 25 B 8
Model a Z&#fih LA & Model b, Model c s 4,
K6 BTN, Bl 2 vh MO RGN K B 5 L R 1 %
LR, N ZBRNAKE K 5, P RRIIKE 5 AFM
REHE SEM BB NI, M, P!, N' &2 M, P,
N {E SEM & b 2% B X RL 5 5 MN KRRk
YPUKE; M'N' Ror SEM EUE H IBRGNKE .

TR E B A K T7 I R ], K
5 o W7 WAL . TEFRBUBRAKE IS, AT
SR o R EETER, P il
KWL, 6 RIRAKE 5 AFMIRE T EF i 2
[EHIRA. 250 TN, BIPTKE 5 AFM RE b1
[F]—F1H, BAKE 5 AFM 8R4 8 58 a2k B ok
A, WA 6 (a) Model a fros. 240 ANERF, BrIK
5 AFM 4R BTS2 br 4 fi B EUBORE, o140 O e fi
RE, WK 6 (b) Model b & 6 (c) Model ¢ F7s.

2 TR IR S FHLE ig]
Py /.
1 _/_90
< .
gl T
(c) ( ol
S S
———— /
M CNT

6 BRICKELS AFM HREHEMEL  (a) Model a; (b) Model b; (c) Model ¢
Fig. 6. The contact model between CNTs and AFM: (a) Model a; (b) Model b; (¢) Model c.
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5.2 RHMAKES AFMIREHZEIRF)

BRAKE 5 AFM BREHE 2 8] AT AT B2 Ao pR
0] B A R, Model a HRRANKE 5 AFM
PRAEF R 4 1 fule, 2 fh BB, YA B B EE T 3O,
AR AR ERIC WE 7R, SRPKE
5 AFM 41 2fbis, ff AFM R4 E y Ji s —
BUIE S Ay, BRGIKE 5 AFM R4 12 fih o 5 3 3%
JE IR 7 £ b AFM BREF A2 3, T 25 28 I 1) 356
WA REE AFM #3), Il SEM EME kg K &
5 AFM #REF AR X 7 B SR B H0 J5 7= AR A&
ZEAE. Ny FI PR B IR 99 oK 8 ity AR 22 X
. P'Py F1N'Ny #8538 X rUR o s 37

jﬂﬂ@] CNT AFM

firwire L

Z1H.

W 7 (a) Fros Model al& & F, Bk E 5
AFM #REF 58 A 2R el B0 oK A iy A RN 28 X A B
HAFMIRE#3), #ahais PN 5 PN 254, B
YPURE M E S BN E 0 BEAEL, hEEMEN
%, WK 7 (b) BT Model b& LR, BN KAE i £
5 AFM #R 4T ek, RA u s bl 2 #83)), B3l s
PN PN A&EEG, HP 5P ZEEERK, 3)
BEMNIE; WE 7 (c) Fi7n Model & HLT, 4N
KEH AFM TE32 X opidefil, QA3 XAz %3,
MG PN S PN AEA, AN 5N 2R
BROK, B ZEE .

1

N T =~<
(c)

|Ay
I

-~

7 WYPKREAILIRA] (a) Model a; (b) Model b; (c) Model ¢
Fig. 7. The position recognition between CNTs and AFM: (a) Model a; (b) Model b; (c) Model c.

5.3 RMKES AFMIREHUERIE

TERR IR 8 R E 2 A, 75 224 Model b Al
Model c #5 F2 il 7 258 1E 22 Model a 28 4% fili /37 5.
FEBR IR L LA IE I, SEM R R B BR 448 K
KESEEEK, ER MR, I AFM #HEHA N
i) 2 77 [ 4% 51y DA A2 Bl 49 K A8 AN W e e 1) =2 8] 75
K. BRIEBRGUKE G WF T 1)z 5o f2) 5k

{ERNEs|

(a)
8  BRAKEALERLIE
Fig. 8. The position correction between CNTs and AFM: (a) Model b; (b) Model c.

x5z B MU AR AFMAREE, HiRGIKE
O PR R B — A1 1 AR 17 2 5 I8 B & 28
BRENAKE 52 IR0, AT RE - UK B [ 12 A PR B 40 K
B EARME. 355 2 Bl A2 5 AFM SR AT P
BRENRE — BORFF VIR, FARYE FL B0 IS
a7z s, Hilid SEM EME s A AR 10 i Bl
KA RHE & A5 7 ).

(b)

(a) Model b; (b) Model ¢
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Wi K S B A B N Lo, 7E SEM MG Hh (10
A PE A1, WIBRAKE SEBR KN 1y = 1/ cos,
B K SE PR B R T K B B i oK 3
B fuh R SEBR K FERR A KB, 124 1), 7E SEM
TR E R T, B 8 (a) Model bi§i TN MN
B, B8 (b) Model c1&#Ht TN MPB. AFM#R%E
1E 2 75 [ B B KAT FE N 1l sin 0, @ 5 1) (1 e K AT FE
A1 cos 6.

MEE AR FOR T, Model bk F, AFM
PR ZA W) 2 177 ) 8 3 A 2 1E 77 19 # 3));
Model ciR#& T, AFM #REF T BEARWI A 2 1E 77 8%
BN 2 07 M 5.

6 BAVKE ERLRA T
BRAKES AFM IR SRR

HH SEM T I TN BRAEHL A N R GER AL
BR, SR 5 12 BT S AR AR AR 2 2yOa T EXUER AN

6.1

9 RSl

KAE AT AT i &40, IR0 E B 2k i 1 AR
1B 7 I 06 B 9 K 5 AFM SRS 3 47 % ) 2]
SIS

Blo. EBI10ME 113 Hl R EH S HES K%
fiok 0 % kR B 9K B 5 AFRM R AL 25 1) B 1 %
. HE9 (b) AT %1 KESIE NG H LR R
ky = —0.0827. HE 10 (a) AT A BEEHANKE 5
AFM FREFARXA B AR, B AU AR 4, Sebr b2
HESAREARE; HE 10 (b)) iTREE B LR R
ko = —0.0857, Wi {H Ay = 0.1707° < Ay max-
B 1T AR B4 oK 5 AFM R EF FE X7 B
— B, KIS HARIFE ks = —0.1392, i3
fH Az = 3.0263° = Ay max- 9 (b) A 10 (b) )
HAHLRZFIVTAAE, B 10 (b) A HLHUH A E
RN E. B 11 (b) & AR R TIEKR, #AE
AT 5 00 A AR AR, BRANK S 5 AFM 485 R 4=
P A,

80

+ RFERL

or I

60}

50t

40}

y/pixels

30}
20t

10}
(b)

O 1 1 1 1 1
—-600 —-500 —400 -—-300 -—200 -—100 O

x/pixels

(a) KB (b) A B L

Fig. 9. The contact detection: (a) Nonoverlapping; (b) fitting curve of nonoverlapping.

10 Bl

y/pixels

—120

« SRR

—125} .
—RAHEE

—130f
—135F
— 1401
—145¢
—150F

—155¢

(b)
—160

—600 —500 —400 —300 —200 —100 0

x/pixels

(a) BB AR (b) HEAREM S 2L

Fig. 10. The contact detection: (a) Untouched overlapping; (b) fitting curve of untouched overlapping.
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B B

60

sol + BB
— WA

40} B

30+

20+

y/pixels

10f

0F

—10}

(b)
—20

—600 —500 —400 —300 —200 —100 0
x /pixels

(a) $fuh; (b) Hefhith & fh 2L

Fig. 11. The contact detection: (a) Contact; (b) fitting curve of contact.

6.2 FRAMKES AFMIRFHUIZEIRF

76 SEM i 5 K B 1 5 Bk 40 oK 1R sk
& AR B AE — A AFM #R%F I, @it fighs % —
A AFM BREF R4 OB IR K B 5 AFM 7% 2
[) ) 2 B) 7 25, AR 48 B0 A Z T B IR GKE 5
AFM $REF AT A 2R 0 S5

K12 B 13 f1E 14 45 508 Model a, Model b
A Model ¢ N AFM #REF 51 25248 40 B i 49 2K A iy ot

5 X mmAAEL. BmgrkE L5 AFM R
HESH AT AT 20 &S, Bl15.
K 16 A1 17 43 51 Model a, Model b Al Model ¢
1) 2 I A i 2k, B 22 Al it 26 R R 72 B i
ek AKEM G L& ZME. HE12() M
Kl 12 (b) AT LA g oK & i il 558 Xl KA
A4k, B 1S AT R0 ZE A M 2k B KOs B S 2 IR
BONE, SIRAVKE 5 Hbr AFM SR il R 47,
Pefib i 79 1436 nm, J& T Model a #EfARAA.

12 frEEins)

(a) Model a; (b) Model a [y J7 R3]

Fig. 12. The position recognition: (a) Model a; (b) moving in y direction under Model a.

B 13 %% (a) Model b; (b) Model b Filyy J7a#%3)

Fig. 13. The position recognition: (a) Model b; (b) moving in y direction under Model b.
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Bl14 {485 (a) Model c; (b) Model ¢ Filky J7a#%3)
Fig. 14. The position recognition: (a) Model c; (b) moving in y direction under Model c.

* SREER B

— WA
~10f o RAEEMA
o0} BIAHRE |

— - il

y/pixels
|
e
S

|
IS3
=}

770.

—60

—80 [

—-90 * * * * * * *
—140 —-120 —-100 —-80 —60 —40 —20

x /pixels
K15 Model a FRgKAE A il 2
Fig. 15. Fitting curve of carbon nanotubes under
Model a.

40 T T T
* RREEAS)
W0 — o Hkds ——
of o REERFEIE) >
o WA HEW IR
- - EftL
. —40
S
Z O —60
=
3 —80
000040
—~100 0000000.0000 |
120} ceee oz
—140 1

—120 —-100 —-80 —60 —40 —20 0
z/pixels

K16 Model b NERADKE A £
Fig. 16. Fitting curve of carbon nanotubes under
Model b.

Bl 13 (a) MTE 13 (b) 7T LU HBRGIKE A X i Ae
AR, T s AL AR AEL /N, E P 16 T AEE BT S AU
G A B2 R, ShAEEIZ&AETHEU L,
RS F K 4 112 nm, J& T Model b il
AL B 14 () FE 14 (b) A CAE H BN KA i

ALK, 28 AR, B 17 AT B
B G INA IR A B 225, S E M &
INFERIER S, 5 ERZE D R ZARE N b B AL
N 223 nm, J& T Model c %Ml

Xk 49 oK AT 100 IR IE#R:4E, &SR it o
MR B, AR B Model a 5 508 21 ¥k, HEEL
Model b I B M 68 1%, I Model ¢ 5L A 11
W HBIARE IR & 79%, AN A RS A Model b
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Fig. 17. Fitting curve of carbon nanotubes under
Model c.
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Fig. 18. Correcting position and picking-up: (a) Model b contact state; (b) Model a contact state after

correction; (c) picking-up CNTs; (d) failure of picking-up CNTs.
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Abstract

In this paper a promising method of recognizing spatial contact state between carbon nanotubes (CNTs) and atomic
force microscope (AFM) probe inside scanning electron microscope (SEM) is proposed. The CNTs can be picked up
simply and effectively by van der Waals force without knowing depth information of SEM images by using this method.
And a micro-nanorobotic manipulation system with 16 DOFs, which allows the automatic pick-up of CNTs based on
visual feedback, is presented. The micro-nanorobotic manipulators are assembled into 4 units with 4 DOFs individually.
Namely, a manipulator has 4 DOFs i.e., three linear motions and a rotational motion. Manipulators are actuated by
picomotors with better than 30 nm linear resolution and less than 1 micro-rad rotary resolution. The van der Waals force
mechanics model between CNTs and AFM probe in the picking up manuplation is established. In reality, the van der
Waals force is the main attractive force under the vacuum condition inside SEM when the influence of staticelectricity
is ignored. It is shown that the van der Waals force under horizontal (sphere-plane) contact model is significantly larger
with appropriate overlapping length. Though the positions in both x and y directions of the CNTs and AFM cantilever
are acquired, the relative positions of those two objects in the z direction remain unclear. In the gradually ascending
process of AFM cantilever to contact the CNTs, the CNTs abruptly drop on the surface of AFM probe due to the van
der Waals force. According to the relative coordinate system of SEM visual feedback images, the detection of contact
state between carbon nanotubes and AFM probe are completed by using the inclination changing value of fitting line.
The experimental results suggest that the abrupt contact between CNTs and AFM probe happens when the inclination
changing value of the regression line is found to be 3.0263°. The spatial contact state between carbon nanotubes and
AFM probe includes line contact (Model a) and point contact (Model b, Model c¢). Then the dynamic difference method
is introduced to identify the spatial contact model of CNTs and AFM probe. The results demonstrate that contact
model of CNTs and AFM probe is line contact when the dynamic difference is approximately zero. The position of
carbon nanotubes is corrected by moving AFM cantilever automatically underneath the CNTs. The picking-up of CN'Ts
from substrate under line contact model is completed by choosing the optimum contact angle, contact length and pickup

speed.

Keywords: carbon nanotubes, visual feedback, contact detection, pose recognition
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