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Non-contact Micromanipulation by Bilateral Control

—Control of Micro Tool Using Laser Micromanipulator—

Fumihito Arai*!, Masanobu Ogawa*! and Toshio Fukuda*2

A laser micromanipulator is suitable for non-contact manipulation of a small object, such as a bacteria and mi-

crobe, in the closed space. However, laser trapping has two serious problems to control a living microbe. One is the

damage caused by direct irradiation of high power laser to the target, and the other is the weakness of the trapping

force, which causes swerving of the target from the desired transportation trajectory by disturbances. For safe and

secure transportation of the microbe, we proposed to transport a microbe with micro tools trapped by the laser.

Here we developed a measurement system of the laser trapping force using a quadrant photo detector (QPD). We

analyzed the measurement area of the QPD and calibrated the trap stiffness. Then we applied the bilateral control

to the laser micromanipulation of the micro tool. The operator can feel the magnified force of the laser micromanip-

ulation through the master arm. Finally, we demonstrated the indirect micromanipulation of the Yeast using laser

manipulated micro tool.
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Fig.2 Horizonal effective index of laser trap
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Particle

Fig.3 Model of laser trap
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Fig.5 Optical system for the laser micromanipulator
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Fig.9 QPD output versus velocity of the trapped particle

FEALH QPD DRHEBEANMIH B L ERLTWVBEER S
na. /2, QPD AP BKICAK B & XOFMAEHIIZ A b —
7 ZEBEIE Y, # 1[pN] THAHZ Lo hot720, QPD
OREBRERTOL —HF 5y 7 H 1[pN] TH2HZ L5
ol TOEEIOFRNFEMER, Fig. 7h5 1[um] ThH b
720, NAEBEHY K =1[pN/um] L #EL 7.

4.4 a>ra-5

SIT, AYEa—¥—ICA/DBLXUD/AIIN—%%
BEBL, FhFNRPIT A7 —VDEL QPD DfEE5HKRE L,
PZT A57—=YDaryra—Vi{7oTw5b, F/, vA¥—
7 — 41213 SensAble #:9 PHANToM Desktop % W TED,
CNIZES>TRTF—VOBEBIVZDOL —H LT 9y 7ORS
FEREETVAS,

5 %@ X7 L4

ARLTHVAHMY 27 413, Fig. 10 (3R T & 2HR
2o TWnh,

Ts = MsXs + DsXs (16)
K(X)-X = 6mnaZ + F, + F4 (17)

R (15),(16) XwA¥—- AL —TD¥ 1+ 317 X, & (17)
NI ESHET LY TIVAICBIT 3 & &8 HE
RNTHs. 28, X (17) OLELE—HIIHAEREAOA L -2
ZEBRIP KD b, BREIH CREIRIADERT. E,
n SREPERHURE, o MK TFOERE, Z IHEWOBEEE,
F, SRYOIERT, Fy SEREIERT 208D RT

RiZ, AV —TIIBITAMEBEERE EFEBREZITI 20, B)
Bh 7 Y.

Ts = Kp(Xm - Xs) - Kva (18)

T, K, #EBREY M1V, K, 3EEERTS M LE
#35. $/2, AL—TORN F, 3ROKE L TEHRT 5.
F,=-K(X)-X =—6mnaZ — F;— F, (19)

&512, Fig 100D 457 503y ba— L FERE%E
FIWTHEID, TORN F, BPEHEITAY—T—LIZERS
NBDT, YAY =T — LADEEE] 7 1RO L HIZREN B,

Tm = —s5F, (20)

JRSJ Vol. 20 No.4

70—

Laser
Manipulator
(Slave part)
Trapping | x
force QPD
Function

System

PZT XY
Stage

S [

Master arm
(PHANToM) X, "
A

RS
i} oot

Fig. 10 Bilateral controller for the laser micromanipulator

£o7T, X (15),(19),(20) 5T RY—=T—Lx L TH
RU—FIZBRENDH F RO EHIREN B,
Fom = $¢Fy + MnXm + D Xm (21)

#* (21) OAUE2-3HIE, TRAY—T—2DA L ¥—¥
ATH BN, AFRTIIFEEIIBVIT RS —F NS, ZAE2HNVT

WwhY, TOEEFERTELIIENSVELL. LoTHE
RENBZREKRDE IR B,
Fn=8;F, = —s;K(X)- X (22)

SHDLHELAL LI, TAY—T—LIZBREN L HIL,
L—HFFJy AITHBIL THARDER TV S,
RIZKBWTHBENATF I VHEOENEEZ RTFiEL R
x5, R (17),(22) »oFDB LI, TAY=T =412
FNAHE L THBIEGS, R/ED O ONELN, HRY L %E
LA ZORDBRAr—) vV ENTERSN S, KRITEE
WREYOBIEL TVWBHETRAY—T — AOREHEEMTH
XX vas, AT ERYORXDRRED O BT 55 ELELEHH
TELZWV, @EPICL—FF 5y T HEFMTE SO HMEIKG
HTHBH, K (17) OFBE—HIIRL L1, #ikik
mTTA 70y — L2 BESE L EORBERRDIEL —F L
FYTLIRA IOV —VOBBEE Z 5L —HE Iy TH
RWETHIENTWRETH S, T THRENS DHELEB XU
SHNDORNDED o2 THE, T A5 —T7 — LMK
HODADPERENDEZ LR A, 2F), TRAI—=T—L00D
BEREEIIAL -7 OBEEE, HEELN, L-¥r707
FCEFITAEILIZRY, ThESDBREYEFMT 52 & TN
197 I VHIEEED BTV EI EERLTVSE, ZOF
ETL—%bF 5y 7 HPEHET EE, EREICBTR (17)
RTHRYOBIENRPREN S ONEDL T RAY =T — ALK
HELTERENED, <470V — VTR #IET S
LEDONASTFIVHBMREL THEPTH A EEZRTI LD
TE5.

6. £ B FF M@
6.1 FAKEMBMETICH T AN TIILEIE
AREERTIE, v 4270V —VELT @10 [um] DR AFL »
SF 92 AE—=X%HW, X157 FNVEHIH AT LOEMME
WRExX 1T o7z, AR & 5 IZHIHMREDFM AL E LT,

May, 2002



NATTZIVEIBEC L B~ 70wl —Y 30 423

120

E \ / L 15 E
£ A ‘/Y H ,‘/ | i
0 — — ¥
i j \ | 5;
= : T
<0 \f_j
— Measter position at X-axis
Slave position of at X-axis -
-80 e s 15

0 5 Time [sec) 10 15

(a) Master and Slave position

Xm [mm]
° 3
L
5
3
:
;
Vil
& =3 ~N
QPD output voltage on X axis (V]

50 \\,_J 2
100
— Master positon
3 QPD Output
-150 %
0 5 Time[sc] 10 15

(b) QPD output voltage versus the master position on X axis

% 2 20 g
i Mﬁ*‘f‘ W u ko
[ A
- e 40
4 Slave velocity =
0 5 Time [sec] 10 15

(c) QPD output voltage versus the slave velocity on X axis

300 3
20 -
. W/\/\‘/& 0z
=
— Master velocity
Feedback force to Master

0 ¥ et O IS
(d) Reaction force versus the velocity on the master arm

Fig. 11 Bilateral control with a micro tool for the laser micro-
manipulator

BEHDOMEMT2REEZHHEL, ~M 70— VL~ Ay —
7 — LD ﬁ&#B/XTA%$mTééthf i s

 RAG=T=LOREPELTERNIN B E

(b) Contact yeasts

(d) Complete
Fig. 12 Pushing Yeasts by the micro tool of polystyrene particle

(c) Transportation

Wb, GBBIITOMEAT =D& 3,000 & LT
%. R Fig.11(b) 32D~V A ¥ — DL EIZXT 5 QPD OfE
GRRERLIZDDTH A, 72751, Fig. 8, Fig. 9 DEIZHL
M o2 FHIERZ B VWL DICT 50, AL —T 05
FEIZHIBRZ 227 T %, Fig. 11 (c) X FTROBEFHE, S AL —7
DEEL QPD MDA /RL72bDTHY, AL —T Dk
BL QPD OHAIRHHIL T2 ehah b, 2721, QPD
DENBAL =T DFEEIIML TRELTWSDIE, AL—7
THHI A7) —VIERT AR KR IOR ITh b1 —
HhF v 7% QPD BREL TWBEHTHAS. LoT, A
L =7 OHEIZHT 2 QPD O IAHBIERICH B = & i,
AL =7 HEIZHBIL T 2RI & Jo S R B 0081 sl
THV—HI Ty THHERFIL TWBEZERLTWS. R (22)
EARLEIIIZL TSy T HETRY =T — LI BTRT
LIHBIL T L7280, #HR~A 70— VITERT 278
Kb, kI
Fig.11(d) {¥, Fig.9 & Fig.11(a), (b) & ) v 2 % — D HfE
BIUVZDLEZORNEMALBERERLEbDTHS, £
2, BT AZORT— 13 05x 1072 L L. Zhdb <X
Y =T — LOBEEEIZW L T RY — 7 — LD RRHH K
LTHISNTWEIENSh A, Fido@E), ZZTld~<A
70 =)V DRBEEEL BT B AEMEIRIU L 2 ER L 2,
I, Figll(a) KRL &I IIv A 70y —vog&izv R
=T —LIZBRELTWVE, 2FN)YAI—T—LOEH) R
L=7Thb3A70y—VIZFEL, 208 X124 ki
PIDL =Sy T HELTHRIBENR, Y25 —T—24I1ZK
HNELTERINTVAE I LEZRLTWS., s IEEME
BTTOYARY =T —L0FED A 70V — )b & FRECHIH
LoD, o450y =Vl BB/ TAY =T — L2
NEEBREINTVDLI NS or. THIZE > T d




424 u oHF 2 A A

T4V =V E L TERYITo7. TITOH T 1~
5[um] DKESDA—APHERHREL TWE. Zhrb, ¥
L7y —VTHEWERL P OW%ET LI LN TELIL
HHEATEL, ZOBIIL—HFFT vy TORIFTAI—T —
LITE-TL AYS, SEWE <A 70y —LOMFICL ) EL
BT A0, EEAER IO GV, LL, 220
LR L —HFF 79 TRAELTIAY =T —LIZERSN
2. $7, BHEECHEL TWhWwEFEFRTE TV AIKETIE,
KID5EH DD, *RYAIFEEL TWLIRED D, €7 )
YD RTERIIDAN O 5T L A 0 Y - ERED R S
NTWHRWERETIIEANSEL V.

7. #& i

L —HvAr7dv=¥al—%iI2BVT, QPD # H\TxH
SYOMBERIEEZ )TV IALTITH)IZ LT, ZORNAEE
DEAZL>TL—HFI Iy T NEERTEL2D, Ay—")
VIR LR A T T TIVEIENC & AR A s~
—¥al—YarOERFEEZRLE. 72, L—HFIZLeM
NIRRT 2k L EEodEL HIC L v A 20y —
NVEREL, KEBRIIBOWTL =¥ T v 7ORERDOMHER
CREROmEANRENS. UL, KWL TIEL —FDE —
LAEN TV A OEBEONEBERBIZIES 2h o7 45K
B —La707 7 ANEHEL, EFMEOREICOWVTHRE
ETD.

g fi

& W OB %

MO OABUEFTLOBIINLY, VATLOREL LV
ERGEBSHTHEN: (BR) £ 7 v 7 AOHREERKICZE
MO EERL TT.

2 £ X W

[1] A. Ashkin, M.J. Dziedzic and T. Yamane: “Optical trapping
and manipulation of single cells using infrared laser beams,”
Nature(Lond.), no.330, pp.769-771, 1989.

[2] F. Arai, M. Ogawa, T. Fukuda, K. Horio, T. Sone, K. Itoigawa

and A. Maeda: “High Speed Random Separation of Microob-

ject in Microchip by Laser Manipulator and Dielectrophoresis,”

Proc. of IEEE the Thirteenth Annual Int’l Conf. on Micro Elec-

tro Mechanical Systems (MEMS 2000), pp.727-732, 2000.

ANRA, s <A~ 7 ony FoREts g, B

Aok v b¥EE, vol.15, no.2, pp.284-289, 1997.

[4] M.P. Sheets: Laser tweezers in cell biology. pp.1-27, Academic
press, 1998.

(5] BEIER, LEEA: L —Fv=Eal—2arHETHE7 -
TOREME, BABRFRUETF A7 A Ah O T RHHR 98,
1CIV1-9 pp.1-2.

[6] M.R. Simmon, T.J. Finer, S. Chu and A.J. Spudich: “Quanti-

tative measurements of force and displacement using an optical

trap,” J. of Biophys, no.70, pp.1813-1822, 1996.

F. Arai, M. Ogawa and T. Fukuda: “Selective manipulation of

[3

[7

a microbe in a microchannel using a teleoperated laser scan-
ning manipulator and dielectrophoresis,” Advanced Robotics,
vol.13, no.3, pp.343-345, 1999.

[8] F. Arai, M. Ogawa and T. Fukuda: “Bilateral control sys-
tem for laser micromanipulation by force feedback,” Advanced
Robotics, vol.14, no.5, pp.381-383, 2000.

## A (Fumihito Arai)

1963 £ 8 A 1 HAE. 1988 R mUHAN RS K L
AR ERHE AT ¥, AEELEE 7 MV A
Aft. 1989 4F & 1) %l R A LB T, 1993 4F
T+ (ZHBARF), 1994 FE [ KFKFFR TR
ekt~ A 7 0 A7 L LA EYGHERZ #£7T, 1998
AF 6] B A%, 1998 4 ~2000 4 NEDO(#= +
VE— - MR AREEE) ko vy —v T ATaY 2 b
1) =4 —. 2000 S XA 21 fEH. BUEILES, w40 - F
JaXy T, maRy bY AT LA, QWA Y57 2 — ZAO%
ICEH. AAHEMY S, FHNABHIMS¥S, IEEE 2 ORA.
(BAOK vy P #A/ERR)

2ABE (Toshio Fukuda)

1948 4£ 12 H 12 H4. 1971 £ RFRHKFHE TS
SRR TR R, 1977 R EAKFRFERE R
BT, T¥Et. oM, 1973~75F7 A1) 7
I— )V KFRFREE, 1977 EEER LT
B mTIT e i B, FIEMEE 24T, 1982
&) RN RS T AR LR Rm, 1983
RIS #IE, 1979~81 EPEN £ 27 v b AV M KF% R
JeE, 1986 47 A -V KFEHEREEE, 1989 4 AHHEXR
sn T 2Ry T 2285 2 S RE0Z. 1992 4F 4 A RIKFRMWIHRY A7
ATHREE. 1993 454 % ) 7 Scuola Superiore S. Anna % H#
12, BEBR¥IA 0L AT LA LEERIEAZEET 1997 FE4 A &
)RR L R E ¥ — 5%, HOMR koK v b, <A
yoaXy b, —a—0-77Y 1§, fEev=tal — ¥ OHlH,
HREE TOOK v b OFZE%ICHEF. 2000 £ IEEE Division X
Director #tfT. (HEXuXR v b #AKEEH)

JRSJ Vol. 20 No. 4

-

/)I|E8 (Masanobu Ogawa)

1977 4 2 A 24 HH. 1999 40 E KT L%
AL Ze TR R %, 2001 4E RIRSE RSP LART%E
B4 70y A7 4 L0 — AR R,
BEICES.

May, 2002



