
ON-C
CON

 
ABSTRACT

We pres
continuous cu
microfluidic c
operations of
microrobot ca
in a microchi
enables contin

 
KEYWORD
Oocyte enucle

 
INTRODUC

The embr
preservation 
process. The 
chemical trea
problems of 
advantages fo
throughput an
non-contact d
microtool cal
driven by per
generation, et
magnets with
fabricated rib
continuous pr
processing wi

Here, we i
concept of th
accommodati
enucleation p
enucleation o
and achieves 

In the Fig
moving direc
Solution in m
outlet; therefo
in microcha
difference, w
microchannel
located in the
lower part 
microchannel
MMT moved
by the flow 
enucleated o
following oo
next enucleati

 
METHODS A
Fluid contro
enucleation p
The MMT ca
position at the
by MMT, ooc
one. An electr

CHIP CON
NTROL U

Lin Fe
1Nag

T 
sent a contin
utting of the 
chip and mico
f 1) loading o
an control loc
ip which gov
nuous operatio

S 
eation, Magne

CTION 
ryo manipula
of genes of r
conventional

atment metho
low success 

or the treatm
nd high repea
drive; low inva
lled MMT (M
rmanent magn
tc. [2] [3]. En

h ultrasonic vib
let type of MM
rocess and the
ith less damag
improved the 
he enucleatio
ion of the MM
process, and a
operation. A w
the accurate c

g. 1 (b-e), blu
ctions. At the 
microchannel i
ore injected bo
annel. Desig
withdrawal m
l, is used to
e withdrawal 
of oocyte w

l by hydraulic
d right, the nu
(Fig.1 (d)). A

oocyte taken 
cyte is loade
ion process. 

AND MATER
ol by MMT: 
process, loadi
an control the
e suction chan
cyte can be d
ric circuit ana

NTINUOU
USING MA

eng1, Masay
goya Universi

nuous enuclea
oocytes and 

ororobotics, th
oocyte, 2) con
cal fluid flow 
vern oocyte m
on and cutting

etically driven

ation shows 
rare animal. E
l techniques o
ds and femto
rate, low re

ment of biolog
atability. Magn
asiveness with

Magnetically 
nets can be a

nucleation by 
bration applie
MT, which co
e enucleated o
ge while cuttin
enucleation s

on chip. Micr
MT, one for oo
also have eno

withdrawal mic
cutting of the o
ue arrows sho

first stage, o
is continuousl
ovine oocytes
gned microc
microchannel 
o confine oo
microchannel

was sucked 
c force (Fig.1

ucleus part is 
At last, MMT

out by the 
ed to the oper

RIALS 
In order to a

ing oocyte in
e fluid distrib
nnel. By empl
delivering to t
alogy is used h

US ENUC
AGNETIC
ya Hagiwara
ity, Japan, 2Un

ation process
increasing th

he flow in a c
ntrol cutting 
by changing i

movement in a
g bovine oocy

n microtool, M

great potent
Especially the
of the enucle

osecond laser 
epeatability an
gical cell inst
netic field can
h respect to a 
driven microt
applied to wid
MMT was co

ed to the micro
ould achieve h
ocyte tends to
ng the area wi
system by the 
rofluidic chip
ocyte injection
ough space to
crochannel is 
oocyte in volu
ow the flow d
oocytes with c
ly sucked out
 are sequence

channel with
is lower th

cyte with its
l (Fig.1 (b)). 

into the w
1 (c)). After t
torn and flush

T open the po
flow, meanw

ration locatio

achieve the co
sequence is 

bution by cha
oying this flu
he suction po

here to specify

CLEATIO
CALLY A
a2, Akihiko I
niversity of Ca

s of bovine o
he potential v
channel can b
volume and 3
its position lik
a chip. The o

yte with smoot

Microfluidic ch

tial technique
e oocyte enuc
eation process
pulses techni

nd contamina
tead of huma
n be suitable p
cell, low prod

tool) for the 
de range of c

onducted prev
ochip could o

high performan
o be misshape
ith nucleus in 
cooperation o

p is designed 
n. This design
o accommodat

connected to 
ume.  
directions in 
cell culture m
t from the 
ed by flow 
h height 
han inlet 
s nucleus 
Then, the 

withdrawal 
the tip of 
hed away 
ort letting 
while the 
on for the 

ontinuous 
required. 

anging its 
uid control 
ort one by 
y  

(b

(

ON BY HY
ACTUATE
Ichikawa1, F
alifornia, Los 

oocytes on a
iability of the

be actively con
3) removing 
ke gate valve 
optimally des
th manner by 

hip, Microrob

es for the im
cleation techn
s mainly incl
iques [1]. Ho
ation to the 
an handling d
power source 
duction cost. 
micro scale 

cell manipula
iously; MMT
btain 1.1 μm 
nce in speed [

en. The key re
a small volum

of MMT with 
to Y shape 

n permits MM
te a large num
the outlet. In 

the microcha
medium are in

Fig.  1 
microchip. (b

(a)

Outlet

MMT

Oocytb)

MMT 

(d)

YDRAUL
ED MICR

Fumihito Ar
Angeles, USA

a microfluidic
e enucleated 
ntrolled and w
nucleus. The 
and control f
igned microc
hydrodynamic

ot.  

mprovement 
ique is a prim
ude manual m

owever, these 
cell. Robots 

due to its non
for the on-ch

Previously we
organism ma
tions such as
driven by the

in position ac
[5]. However 
quirement is t

me.  
fluid control. 
with two in

MT have enoug
mber of oocy
order to conf

annel, white a
njected from t

(a) Overview
-e) Oocyte en

t

Oo

tes 

Sucking in

(c

Nucleus

(e

LIC FOR
ROROBO
rai1 
A 

c chip to ac
oocyte. By c

we achieved s
magnetically

fluid force dis
channel for en
c force.  

of domestic 
mary study fo
manipulator o
methods tend
on a chip h

n-skill depend
hip robot beca
e developed a
anipulation. T
s loader, sorte
e horizontally

ccuracy [4], an
it is difficult t
to achieve hig

 Figure 1 (a) 
nlet chambers
gh space to co
ytes for the c
fine the oocyt

arrows show t
the inlet of m

w of the en
nucleation pro

Mic
cha

Microch

ocytes 

c) 

e) 

RCE 
OT 

hieve the 
combining 
successive 
y actuated 
stributions 
nucleation 

animals, 
or cloning 
operation, 
d to have 

have great 
dent, high 
ause of its 
an on-chip 
The MMT 
er, droplet 
y arranged 
nd also by 
to operate 

gher speed 

shows the 
; one for 

onduct the 
ontinuous 
e position 

the MMT 
microchip. 

nucleation 
cess.

cro 
amber 

hip

Enucleated 
oocyte 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  1270



parameters o
regularly 100
two inlets, th
microchannel
equation 

 

Where 
the length of
channel,  i

 

Where P i
hydraulic resi
and length of
μm and 234
controller gov
operation loc
increasing the

 
Volume Con
nucleus from 
MMT can con
after certain a
the correlatio
sucked into 
volume being
Due to the di
(a) represente
sucked in the
time, even tho

To perform
time is less t
cytoplasmic v
seem to be o
200 μm cases
flow away im
require the sy

 
Cutting of oo
COMSOL 4.
According wi
condition is s
set to 150 deg
simulation re
totally differe
microchannel
by hydraulic 
is almost 0 Pa
means of this
the outlet flow
  
Fabrication 
magnetic forc
problem of to
type of MMT
material. The
the Cr-Au wa
thick negativ
exposed on th

of microchann
0μm in diamet
herefore, wid
l are defined t

≅  　　

 is hydraulic
f the microch
is the hydrauli

≅  　　

is the length o
istance, R1 is
f the other sid
43 μm respe
verned the dis
cation and cu
e hydraulic pr

ntrol: In orde
the oocyte wi
ntrol the volu
amount of tim
on of sucking
the channel. 

g sucked into t
ifferent displa
ed by length L
e withdrawal 
ough they are 
m a high spe
than 5 secon
volume, displa
optional candi
s, oocyte was

mmediately, it 
ystem having a

ocyte by hydr
.1 to analyze
ith the experim
et to 0 Pa in th
gree and 6700
sult; it can be

ent. The lower
l suffering a h
pressure on Y
a protected by
s, we can rely
w to conduct t

of the hybr
ce could be co
oxicity to bio
T composed o
e Ni-Si MMT 
as sputtered on
ve photoresist
he silicon subs

nel (Fig. 2).
ter, under the

dth, height an
to 150 μm, 30

　 　　

c resistance, η
annel, A is th
ic radius of th

　　 　　

of the perimete
s set equally 
de microchann
ectively. MM
stribution of fl
utting the nu
essure. 

er to achieve 
ith less damag

ume of sucked
me. Experime
g time, MMT

We obtained
the outlet mic

acement of the
L, the volume
microchanne
not in a linear

eed enucleatio
nds with less 
acement of th
dates, but am

s suddenly suc
may inconven

a high respons

raulic force: 
e the distrib
ments, the inl
he analysis. M
0 µm/s, respec
e seen that th
r part of oocy
high traction f
Y direction, m
y the MMT fr
y on adjusting
the enucleatio

id MMT: N
ontrolled by p

ological cells. 
of Ni and sili
fabrication pr

n the silicon w
t (SU-8, Toky
strate as a sup

. Considering
e same hydrau
nd length of 
0 μm and 1 m

　　 　　　

η is viscosity
he cross-secti

he channel whi

　 　　　

er of the chann
to R2; hence
nel are derive

MT working 
low letting oo
ucleus off fro

high precise 
ge, volume co
d oocyte by c
ents were cond
T position an
d the correla
crochannel and
e MMT, whic
e, semicircle
l is relatively
r relationship.

on process, fo
than 20 perc

he MMT from
mong them 80
cked into the 
nient for oper
se speed. 

A 3D structur
ution of the
let is wide ope

MMT angle an
ctively. Fig.4
he surface trac
yte which ente
force with ma

meanwhile the 
rom the impac
g location of M
n process. 

ickel (Ni) is 
permanent ma

Therefore we
con (Si), whi
rocess is show
wafer (thickne
yo Ohka Kog
port layer. Me

g the oocyte
ulic resistance
the oocyte in

mm. By using 

 　 

coefficient, L
ional area of 
ich is given by

 

nel. To balanc
e the width, h
ed to 300 μm
like a rheo
cyte loading t

om the oocyt

cutting off o
ontrol is signif
losing the cha

nducted to find
nd oocyte vo
ation between
d the suction 

ch shown in F
area in Fig. 3

y increased by
.  

or instance, cu
cent of enucl

m 20 μm to 20
0 μm, 100 μm

microchanne
ration, because

re was modele
 surface trac
en; hence the

nd out flow rat
shows the Co
ction on oocy
ered in withdr
aximum to 73

upper part of
ct of the medi
MMT and co

ferromagneti
agnet, howeve
e fabricated a
ich is bio-com
wn in Fig. 7. 
ess =200 µm).
gyo Co.) coa
eanwhile on th

e is 
e of 
nlet 
the 

L is 
the 
y 

ce the 
height 
, 300 
static 
to the 
te by 

of the 
ficant. 
annel 
d out 

olume 
n the 
time. 

Fig. 3 
3 (a), 
y the 

utting 
eated 
0 μm 

m and 
l and 
e this 

ed by 
ction. 
inlet 

te are 
omsol 
yte is 
rawal 
.4 Pa 
f oocyte 
ium. By 

ontrol of 

ic, with 
er, it has 
a hybrid 
mpatible 
At first, 
. Then a 

ated and 
he other  

Fig
the enu

F
suck
the ti
of th
µm/s

M

Fi
distri
oocyt

(a)

Obje

S

(b)

g.  2. The ele
ucleation chip

Fig. 3 Correl
ked into the ou
ime under the
he MMT. Out
s. 

Fig. 5 Fabr
MMT. 

ig. 4 FEM 
bution and th
te.

Volume 

ct surface: Surfac
component (Pa). A

Slice: Velocity fiel

ectric circuit a
p. 

lations of the
utlet microch

e different disp
utflow velocity

rication proce

results of 
the surface tr

L
ratio 

ce traction (force
Arrow: Velocity f
ld, y component (

Ve

60° 

analogy of 

e volume 
annel and 
placement 
y is 6700 

ess of the 

velocity 
raction of 

/area), y 
field 
(m/s) 

100 
 
80 
 
60 
 
40 
 
20 
 
0 
 
-20 
 
-40 
 
-60 
 
-80 
 
-100

0 
 
 
 
-0.005 
 
 
 
-0.001 
 
 
 
 
-0.0015 
 
 
 
-0.002 
 
 

locity

Surface 
traction

 1271



j

side of the s
Ohka Kogyo 
exposure on 
developed. N
from the OFP
until the Cr/
surface was e
surface by t
conducted th
processes sho
MMT is colle
 
EXPERIME

Our platfo
actuation, a m
high respons
microscope w
data to the P
joysticks. Oo
experiment. T
bovine oocyte
since the ooc
nucleus posit
microchannel
until the corn
washed away
it can be seen
processing tim
oocyte was cu
bovine oocyt
enucleation p
shows that we
 
CONCLUSIO

In this pa
Currently we
following thr
process has b
the enucleated
to the oocyte 
 
ACKNOWL

This work
Education and

 
REFERENC
[1] K. Kuet

“Combin
laser pul

[2] Y. Yama
Magneti

[3] L. Feng,
Size Co
2012. 

[4] M. Hagi
Robot w
2049-20

[5] M. Hag
Manipul
of the 15

 
CONTACT 
Lin Feng +81

silicon wafer,
Co.) was co
the OFPR 

Next deep reac
PR side, and e
/Au layer. Af
exposed. The
the electropl
he OFPR c

own in the Fig
ected at last by

NT 
form includes
microscope w
se pump an
with CCD ca
PC, and the st
ocyte is staine
The nucleus pa
e enucleation 

cyte size was 
tion was con
l until the nuc
ner of the chan
y by the out flo
n that the nucl
me, which is t
ut, was less th
te enucleation
process with a
e have realize

ON 
aper, we pres
 can remove 
ee points: 1) 
een succeeded
d parts is cont
became very 

LEDGEMENT
k is partially
d Research of

CE 
temeyer, A. 
ned multiphot
lses”, J. Biom
anishi, S. Sak
ic Field for Pa
, T. Kawahara
ntrollable Dro

iwara, T. Kaw
with Ultrason
054, 2011. 
giwara, T. Ka
lation by Rob
5th Int. Conf. 

-52-789-5026

, the photore
oated on the s

side, the O
ctive-ion etch
etched the sili
fter the wet 
en Nickel was
ating (= 200
coating, exp

g.5 (4-6) to for
y removing th

s a linear sta
with a CCD ca
nd a micro 
amera sends t
tage moveme
ed by the Ho
art was flores
process. The
not small eno

nfirmed, the d
cleus part is s
nnel and hold
ow (Fig. 6(c))
eus was succe
the duration f

han 5 seconds
n process had
a short period
d the continuo

sented an inn
the nucleus f
The oocyte c
d; it shows the
trollable. 3) T
small, and cou

TS 
y supported b
f Micro-Nano 

Lucas-Hahn, 
ton imaging a

med. Opt. 15, 0
kuma, K. Ond
article Sorting
a, Y.Yamanishi
oplet Generat

wahara, Y. Yam
nic Vibration 

awahara, T. 
ot on a Chip: 
on Miniaturiz

6 or f-lin@bio

esist OFPR (T
substrate. Aft

OFPR pattern
hing was cond
icon 200 μm d
etching of C

s grown on th
0 μm). We 

posure and 
rm the MMT s
e SU-8 layer.

age for the m
amera, a joyst
fluidic chip.

the captured 
ent is controll
echst 34580
cent when me

e oocyte inser
ough to get in
downside of 
sucked in the
d the position 
. Figure 6(d) 
essfully remov
from the time 
and the oocy

d been condu
d time, we the
ous cutting of 

novative cutti
from oocyte s
ould be loade
e superior pot

The incision of
uld reduce the

by SENTAN, 
Mechatronics

B. Petersen,
and automated
046006, Jul 21
da, and F. Ara

in a Chip”, B
i, M. Hagiwar
ion”, Journa

manishi, T. M
for Single C

Masuda, T. I
A Levitated S

zed Systems fo

orobotics.mech

Tokyo 
ter the 
n was 
ducted 
depths 

Cr, Au 
he Au 
again 
DRIE 
shape, 

magnet 
tick, a 
. The 
image 
led by 
in the 

ercury lamp ex
rted from the 
nto the micro
the oocyte w
channel (Fig
there. Then n

shows the com
ved and the o

e when oocyte
yte removed ra
ucted success
en implemente
f oocytes succe

ing method u
successfully, a
ed one by one
tential on the 
f enucleated o
e influence to 

JST, and th
s. 

, E. Lemme,
d functional e
1, 2010. 
ai, “Powerful 
Biomed Micro
ra, K. Kosuge
al of Robotics

Masuda, L. Fen
Cell Manipula

Iijima, Y. Ya
Structure with

for Chemistry 

h.nagoya-u.ac

Fi
Con

MM

N

(a)(a)

xposed. Figur
inlet flew to 
channel with 

was aspired b
. 6(b)). Then 
nucleus part w
mparison of o
ocyte shape k

e reached to th
ate is about 20
sfully, In ord
ed the multip
essfully.  

using MMT 
and this syste
e by flow con
continuous en

oocyte is smoo
the viability o

e Nagoya Un

, P. Hassel, 
enucleation of

Actuation of 
devices, vol. 

e, and F. Arai,
s and Mechatr

ng and F. Arai
ations”, Lab 

amanishi, and
h Three-Dime
and Life Scie

c.jp 

ig. 6 (a)-(c) 
ntrast diagram

Fig. 7 Continu

MT 

Nucleus

Nucleu

Oocy
enucle

(d)

Oocyte
0 s

re 6 shows the
the narrow ch
50 μm heigh

by the out fl
the tip of the

was torn by th
ocyte shape b

kept circle eve
he narrow cha
0 % of the ori
er to achieve
le oocytes cu

cooperating w
em shows rem
ntrol with MM
nucleation pro
oth and neat, t
of the oocyte. 

niversity Glob

H. Niemann 
f porcine oocy

Magnetized M
12, pp. 745-75
“On-chip Cap
ronics, Vol. 2

i, “On-Chip 
on a Chip, 

d F. Arai, “
nsionally Patt
nces (mTAS),

Enucleation p
m before and af

uous cutting p

(b) 

Nucleus 

us

yte 
ated 

En

e experimenta
channel and st
ht (Fig. 6(a)). 
low in the w
e MMT press
he hydraulic f
before and afte
en after the cu
annel to the ti
iginal size. Af
e the multiple
utting process.

with the flow
markable adva
MT. Continuou
ocess. 2) The v
this means tha

obal COE pro

and A. Hei
ytes using fem

Microtools by
52, 2010. 
pacitance Sen

24, No. 1, pp.

Magnetically
vol. 11, issu

“Ultrahigh Sp
terned Surface
, pp.1548-155

process by M
after enucleatio

process. 

(c) 

nucleated 

50 μm 

1 s 

al result of 
tuck there 
After the 

withdrawal 
ed oocyte 
force, and 
er cutting, 

utting. The 
ime when 
fter single 
e oocytes 
. Figure 7 

w control. 
antages in 
us cutting 
volume of 
at damage 

ogram for 

isterkamp, 
mtosecond 

y Focused 

nsor Based 
133-140, 

y Actuated 
ue 12, pp. 

peed Cell 
e”, Proc. 

50, 2011. 

MMT. (d) 
on. 

100 μm 

1.6 s

200 μm

 1272


