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Study on improving the efficiency

of the media change in cell processing

by Ryosuke NONOYAMA

Abstract

Manual cell processing in the field of regenerative medicine is labor-intensive and expensive; as
such, its efficiency needs improvement. Recently, automatic cell culture systems equipped with
vertically articulated robots have been developed. However, automating all the cell processing tasks
complicates these systems. This study aims to develop a simple and rational cell processing system by
combining robot and human tasks. Herein, each cell processing task was extracted, and the division
of labor between human and robot was determined. Consequently, the discarding and injecting tasks
of the media change, which rely on the operator's sensory perception in particular, were selected for
efficiency improvement by the robot. First, an approach to enhance the efficiency of discarding tasks
was investigated. The discarding task was divided into smaller motions by utilizing the operator’s
motion as a reference, and the optimal speed setting combination was determined experimentally.
Evaluation experiments showed that robots could perform the discarding tasks more efficiently than
humans. The operator could only evacuate the flask in the original direction, while the robot could
evacuate the flask in the opposite direction, thereby reducing the risk of dripping. Second, an approach
to enhance the efficiency of injecting tasks was investigated. The development of a cap equipped with
an inspiration port and an injection port facilitated the injection of culture media at a constant flow
rate from an injecting bottle. The weight of the culture media injected into the flask was measured in
real time using a load cell. The amount to be injected during the injection end motion was predicted
to calculate the injection cessation timing. Evaluation experiments showed that robots could perform
the injecting tasks more efficiently than humans. Furthermore, the risk of dripping was reduced when
the robot was used. Finally, we developed discarding and injecting robots that can be installed in a
safety cabinet. Experiments on discarding time and injecting accuracy, employing the injecting and
discarding robots, respectively, demonstrated that the results were equivalent to or better than those
obtained in the case of manual operation. The discarding and injecting processes could be performed
in parallel using the robots, which took less than half the time than that taken in manual operation. The
robots developed herein can reduce culture costs by reducing the time required. Further, they can
reduce the risk of contamination owing to dripping. The robots can be introduced into current
production processes because they do not require any changes in the manual cell processing

procedures.
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E LB THD. £z, 2)I|EHEE LabDroid (1§=2,500 mm, ¥47=2,000mm, & =2,200
mm) 3411, 1EEE DMIBAEEE 41T 2 22 ¥ ¥ B v M (1E=1,300 mm, H117=500 mm,
B E=675mm) [3SIICULE LR, Lo T, TNHDOEELIEEE LHEHTEXDH L7
REFTIE AW, EAETREO—MEES L 2 ke LOIEHATE 220,

IO XD R E MR T 5720120, EEBOEREE TR, BeFr xRy M
REFHETH Y, BUEOAERE TRZ B S TIMEER OBBRIELZ M T 2 BN HHTH
HEBRD. BROHEEEEIE L T TARERICT S 2L T, a A REMALND LW
AV RbdD.
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Fig. 1-1 Discarding task by humans.

Fig. 1-2 Injecting task by humans.
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Table 1-1 Fully-automated cell culture systems.

Systems Manufacturers Components
- CompacT SelecT[11]-[16] | - TAP Biosystems - Robot arm
- Cellmate[17] - Decapper
- Pump
- Incubator
- Biomek[18], [19] - Beckman Coulter - Liquid handler
- Centrifuge
- Incubator
- Refrigerator
- Cellerity[20] - TECAN - Robot arm
- Incubator
- Refrigerator
- Automated culture system | - Panasonic - Robot arm
[21] - Centrifuge
- Incubator
- Refrigerator, Heater
- Automated culture system | - [HI - Pump
[22], [23] - Yokohama City University - Incubator
- Refrigerator
- AUTO CULTURE[24], | - Kawasaki Heavy Industries, Ltd. - Robot arm
[25] - National Institute of Advanced | - Robot hand
Industrial Science and Technology | - Centrifuge
- Osaka City University - Incubator
- National Center for Child Health and | - Refrigerator
Development
- ACE3[26]-[28] - Hitachi, Ltd. - Pump
- Tokyo Women's Medical University | - Incubator
Hospital - Refrigerator
- CellSeed Inc.
- Automated culture system |- Osaka University - Liquid handler
[29] - Pump
- Incubator

- Refrigerator, Heater
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Table 1-2 Partially-automated cell culture systems.

Systems Manufacturers Components
- Fluent[30] - TECAN - Liquid handler
- Freedom EVO[31]
- LabDroid Maholo[32], | - YASKAWA Electric Corporation - Dual-arm robot
[33] - National Institute of Advanced
Industrial Science and Technology

1.3 PAFLaVET ORELET7IO—F

HIRALER D — B OAEZEITIE, vy MRAIEEER O/ ERIEE L EEE T2 R
IHRIIAEEMNRIEL T D, L3> T, MR EEIN O R ECR IS R RHLTE 5
L9, 2ToEELZuR Yy NRHEUEGRICES LV, ©LATEELOMAGDE L2 —
BINTATZ D AT A3 LV Eh3RE, GBI B ENICRIS T 552 5. Fiz,
ATl ~_72 £ 512, BIRER CRUEIGEAGR A 5 1T T\ 2 FAEERERIE, AFEICLD
R CAREZRGEL TS Z 00, EAHTIOMIRERIEE LY, NEWHBT o8EM8n
Ry FOFMEALLTWNWEEZLND. 22T, KFIETIE, vy MK 1EELE BE
R L EMBADE T, Bl TR BRI ESE 21T O MIIREL Y 2 T L%
KT HZEEEHNETS.

IR AL B E 2 2 IR AT BT 5 U AT A EHT A 720121, ML B85 —
DO—ODOIEEERH L, (FE¥FHE L v ARy b BEMEHES O A B L7725 2T, vy k-
BB LRI L DRI TFEORS ERGEATT S 7 7 r—F BUETH SH. Ao B
TR &%, MEERFE O (= AMEEOHIE) Th 2. MIRLEIESE P OIRIZH DRI
SAIFERF BRI CEN D, FEENENTETEEICEEL THORENAEZZRICH S Z L
ARATHET, I HIT, EEIZRNTR 21T EEERRITR L 25720, FEETORRMITIE
RAND 5.

ARG D BRI 72 fiidL % Fig 13 1237, £, MILBEEEDO S TOEELZEL, »
Ay b BEMEBEERIC KV R 21EEZRET 5. I, (T 21EEIC OV T
2TV, BAR Y b - BEMEBEERIC K 22038 (b 5k & LT, E3EE L RBROIEERIESL R R v
N - BEMEHSERRR A OIEE LR SI2oW T, Bt E i a2 Ehid 5. 2 boxtg s Lz
TEEDENENUZDOWT, ERLOMEREGHT & Db IEORGT & MEEEZAT 5. — OGRS
REMEZ, FEHL Ry b - BEUEIRO D - BIEERIKR S AT LSRR & v
AT KRR L BIRT AT AOEMBLEITS.
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(1) Work extraction

l

(2) Determine sharing by operator and
robot/automation equipment

|

(3) Work analysis

|

(4) Consideration of efficiency by
robot/automation equipment

|

(5) Work verification by
robot/automation equipment

|

(6) Consideration and proposal of
system concept

|

(7) Implementation of total system

Fig. 1-3 Approach of this study.
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1.4 AEWIXDIER

Fig. 1-3 OAUTIR > THED TR 2 £ & DT ARG L DA% Fig. 1-4 ITR-7.

B ETIE, RS L THAERRAZIRY & BREICOWTIRN, KMF%EOT 7'e—F
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B2 BT, MRLEIZRT 2 —o—2DfEEAHI L, fEEE L nR Y Moy HEZ
T5. vRy ML FEORGRISRE LT, MIRAEEEICB W CEERIEE TR
D=2 T HEEMZH T 1 & A DR OBERAFRE L IEIRIEEZ IR LB 23+ 2 &
EHiz, ENLOEEE Ry MCEXYVHEET DAY v b ERT.

053 BT, MIRLBRIESENEFH OBRIRIEE A BT 2 2 LI XY, BERIEEOIEZE ST
LTV, TORHHFERICESNTER Yy M X BBEERIEEOIRILTEEZRF TS, e Ry
MIEEE CIEAFBERGINICT 7 A2z RltT 5 2 ENAETHY, ZorRy MEf
DOEENIE TN DOBSIEICEN S Z L 2 LT 5. BRy MK D EREEZ YT D5
DOEMERE OMA GO ITEBREFEEIC L VRET H. o, BGEERICEY, 2Ry M
TE¥ER L0 EMED DN RINCBERIEEAIT O 2 ENAMRETH VD, IKIEHIC K DB AR t v
NOVEGD Y AT AR TE D A[ReER H 5 2 & 2 RT

54 BT, MRLBRIESENEFH ORIRIEEDIEES T E2IT-725 2T, vdhy MI LD
HRIER DN FELZBRFT S, EEAR FLDOF v v IR R— b & IERR— b %210
R 5 &ET, WHERAR ML EETR LA —ERE TOERDZ /i L 5. T LT,
H— RE/MIEY 7T ZAaNICER SN ERBEEE ) 7 VE A DZRGET 2 A A 2 F]
HALT, BHEPOWRBENDAZFIEZ A I T2 TRTHEERT VT ZLZRETH. EHIT,
AR P NVNOFREOZITER T 2822 M2 TERKBEOM L2 X572, TR v
U ZXLITHIEZBINT 5. £72, —HEORFEERICEL Y, HRIEEICBWTHrR Yy MIE
EZLVROIHEET D ENAETH Y, RIENIZE D7 T A abhOiBEYRO ) AT %
M CE DAEERSH D2 & &R T.

%5 BT, A £ CTICRE LIBEIRIEE - HRIFEO R FELEA L., Z8% v
By FNICERE FTREZR PRI AL E - TERAEE 2 PR T 5. £, Bl 7 ot 2 0fE¥Ey
Braqrvy, S8l m ARy b & U CREIRERE L IEREBZEALEGEIC, vARy hOEE
EFEEE LD X D ITHAGDEIUTIRIIEETE 2002 MG 5. I, BERER
il IR D BEWR IR I E , IR 2R EAE FH IR O TEIRRS BE I E, B8 Al Bh = AR > N8 ARF O PIT LR
IEZAT 5. EEE D HEIM TR A 21T 5 HA I3FEIR 7' 1 B R LR 7 v & 2 ZJIHR
ITHMERH TN, HEMPIr Ry N2EAT LI ETRERI R LEFERT 2 EAD
WATVERENFIRE L 72 572, FAEEDOEA L i U CHTERFM 2 & 5 2 L 2R 7.

FHOETIE, BRELZELOTRIET 2L L BT, KiaXOfbma 7.

15



| Chapter 1: Introduction |

l

Chapter 2: Work extraction and determination of sharing

| Work extraction of cell processing

| Determination of sharing by operator and robot for each task |

!

l

Chapter 3: Efficiency improvement of discarding task by robot

Chapter 4: Efficiency improvement of injecting task by robot

Work analysis of discarding task by operator

Work analysis of injecting task by operator

v

v

Proposal of robot-specific evacuating motion

Proposal of injection algorithm by robot

!

v

Optimal speed configuration by design of experiments

Improvement of injection algorithm

!

v

Verification experiment of discarding task by robot

Verification experiment of injecting task by robot

I

Chapter 5: Verification of culture assisting robot

| Work analysis of medium exchange by operator |

| Development of culture assisting robot |

| Verification experiment of culture assisting robot |

|

| Chapter 6: Conclusion |

Fig. 1-4 Structure of this paper.
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2R MRLBEROERME SRy FOSEHE

ATEECIE, BEAFO H BRSOV CRAZITY, BUROMBZ T Uiz, FAEERS
B OEETRAA—P—TLICRAR 5 LA RERD L, RAPOKRERLV b, AL
B CIEEEAT D HR B n Ry POGRHEALLT N E NI BEZCE ST

AT, MLEEREZ ML, (FEE LRy POSHARET S L L bIC, BRY
PEFEATEHEDOAY v bERT.

2.1 #RANEEERDIEED R

ASLEREZE D FIEE Fig. 2-1 1ZRT. OIS, AFLIEMiaZ 7 7 222 T 5. ]
2, BHEROREMAZHEITD, HNEITY, & DICEERIOREMASHRZIT ). 0%, Y
CREHIAS LA R VR U, Befklc, BEEE LM & BN 4 [36].

—fRB 7R AR AL B AE S CUE, ARSI B ARy B MERF T D 7o 01T, H T L ITHERIR
DEHAAR Y BT LEN D 5. MERE T CORERTE CIE, 2 ORFHIAHR I E3 2 R A
AFEFHE COERREER LD, O, HEHIARHZZNRINIIT I Z &0, (EEREDOR)
FAICEIN D L5 2 5. MRITE IO RIS EIESE N @V, ¥ v B 7Ll g
FIEET DR, WO K D M2 S BT HEERETHEE Xy T 712k
faz BT D FER O, FEEEDHMRABIRE LR OITHOMERH L0, v ARy FED
FEEOTPRELEZDOND.

Cell seeding

|

Medium exchange

J

Passage
\l/ i|

Medium exchange

J

Harvest

Fig.2-1 Cell processing procedure.
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2.2 EHITR T O X DEESE

BEH Az 7 o2 A DO FIAE Fig.2-2 IR . ZREFYER Y FOPT, 77 AaNOEE#
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RENTND.
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RETERE Sy MEVIERT Z LT, 40 77 A aDEEHRRE ANIZ H. 77 AaNOE:
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T25ml 91T 5 & Vo = FIER LI /2 5.

FHAE R ERL O ROUEIZ B3 2 TR 10 FF OB ALERERENEFE DS, FIEET
BEHiAsHam i L= & 25,40 7 T A 2 OEHIASHIZ - TR IX 43 0 16 P TH - 7=
BAFEDORFHIBLSTIE, Fig.2-3, Table2-1 12”3 K 512, BEIK 7 v & 253 10 43 46 B (25%),
HER7T 0B AN 26457 448 (62%), 77 AN « #2555 46 B (13%) Thot=. 7
TAADA - EBEET 2I2IE, BeEF Y ERY MRS U FaX—F—DhRAZ~A
APMLENZR0, aRy BAKENDIC2->TLE Y. F72, PrErfIIE a2k o
13%&EN 2D, rARy MZED2R(EDA Y » MI/hEw., —F, BRI n v X L ERT
RERIZREF Y ER Y NATEETLHEETHY, vARy ME/IRYETE 5 ATREMER S
V. E Tz, FTER I A RIR D 87% %4 HO TN DT, mAR Yy MZE 28D A Y
v MEIRE V.

PR 7 0 A LIEIRT 0t AOFTERRICIE, $¥ v THESCT 7 A2 BEORM L 5
FNTWD. AFEFITEZRICE v v TOME OGS ZME LB OHELIT>TEY, F
¥y TITWLoMVFFE > TORWEFIZEGIZRAM S ZENTELN, mARY FRED X
D IR R AN 21T O DITE T ER G TIERW. o, BIR7n e X LER7T vk
ADKERGY 2 58D, I OMEEEZE O SVEIZ )0 D DITBIRIEE L HRIEETH D120, *
Yo AT TEECOLME RN EEZ LS. T LT, EEENT v v THEEIT O 5E,
ZOWMNWTIEERE N7 7 A BAEEIT O FIEPIROTHDH. LB TC, BT vk
ADFERIEE L ERIEEZ 0 Ry NOSHET L. BERIEE L IERIEET, =02 Ix—
a v U A7 OIRBOBRN SN OECMEENRD BN D 5 2, BIHCIKEE L 22 D15 %
B T D MEMEDN LD RIEEN RO LN LD, BIfFE L UIHMTHL72D, vy K
DEEREELEZOND.
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’ Carrying in flasks ‘

}

’ Discarding process

Gripping flask ‘

A

Decapping flask ‘

)

Discarding task ‘

l

Capping flask ‘

’ Transferring flask ‘

}

’ Injecting process

Gripping flask ‘

A,

Decapping flask ‘

Injecting task ‘

l

Capping flask ‘

Carrying out flasks ‘

1 set = & flasks

v

<
<

Fig.2-2 Media change procedure.

- Discarding process

Injecting process

Carrying in and out flasks

Fig. 2-3 Time distribution of media change by humans (five sets).

Table 2-1 Time distribution of media change by humans (five sets).

. o Carrying in and out ]
Discarding process Injecting process Total time
flasks
10 min 46 s 26 min 44 s Smin46 s 43 min 16 s
(25%) (62%) (13%) (100%)
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] Dripping posture \

]

Flask

Forward evacuation Backward evacuation

Iy | Initial posture |

Waste
bottle

Fig. 2-4 Evacuation direction of discarding task.

Injecting posture \

Flask Injection

bottle

Load cell | Initial posture |

Fig. 2-5 Injecting task performed by the robot.
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<Operator>

<Robots with operator>

Reduction of work time

- Discarding process Injecting process

Carrying in and out flasks Waiting time

Fig. 2-6 Time distribution of the media change.

A

Injection bottle Waste bottle

Safety cabinet ‘ Flask transfer path

Fig. 2-7 Flask transfer path in a safety cabinet.
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® Ry MAEMH LICBERIESE L ERIEEICE Y, KIZA DRIk & AEZERFHE 0O BLfE )3
ARETH 5.
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3.1 BRBEXOEESH

BERVEFEDIEZE ST & LT, MIRLPRERENEFE DS, FEFROEHIAZH 7 v 2B\ T 7
T A aANOEEFRK 75 g YT 2BIRIEE, BELO, REBEBRFED 75 ¢ DKEKRD AN -T2
T500 7 7 A2z L, AROFERR b~ KEKEZPEH L7IZBOBRIKIEEZICOWT,
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Fig. 3-1 [ITRRRE D56 DENENOEMELREAZRF. £z, Table3-112, Mg
HEPEFEE B L ORRBRE OG0 OPEHEN(E, O FNEIE, @BlkEFEl L OBERIEE
(D+@+®) DFNFNDOVEHERR 2R, AHERI 10 fps D EF g 2 & &2/ IO L
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[FEEDIEERM L 720 TV D Z E R Tx 5. OFEHEIEDBIM & LT, BEHEfEZBR
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(@Dripping motion

Fig. 3-1 Discarding task flow by human (beginner).

Table 3-1 Discarding task time (avg.).

(®Evacuating motion

(DDraining @Dripping (®Evacuating .
Operator ) ) ) Total time [s]
motion [s] motion [s] motion [s]
Expert 6.4 4.7 0.7 11.8
Beginner 6.6 32 1.0 10.7

25




32 ARy FMIKEHEEEXROMELFIE
32.1 ARy MK ZBEEBIEDIBR
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120[deg]

II [deg]

X
lﬂ%zn_
ANy —
Y

»

@ Draining motion @ Dripping motion

(®-1 Evacuating motion

’ (backward direction)

120[deg]

®-2 Evacuating motion
(forward direction)

Fig. 3-2 Discarding task flow by robot arm.

Flask m

45[deg]
TCP 2nd high-speed rotation
(Tool center point)
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Fig. 3-3 TCP (Tool Center Point) and draining motion.
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322 RBRHEZKICKZ2REEEDRES %

2Ry MCX2HEHENELZ B 572012, 6 1 @R RREE, KREERENE, 5 2 mif
[ ERENED BRI 2 ET D MENH D, Table3-1 H L12, vl v ML D PEHEERHE A
VEEF L RRELLTICD Z L2 BEL, # 1 miEFEHRENIEL 32 deg/s~54 deg/s, (K [R#A
{EZ 11 deg/s~22 deg/s, # 2 M [ElHZHI{EA 32 deg/s~54 deg/s DHIPHICERE L. &b
BUVAGDEOHEEIC/EER L REOHLRR (6.5F) L7V, HbHEWEAEDLED
GrA ERE O BRE YRR G5F) L7eb koI, FHEOHPEHZRTE L.

2Ry M X2 EEO B EEE L, EREHENVAIC XV RET 5. FEBRGH LT o 72
RTA—=BDOMAEDOEEHRRELFARD ZENTEIHANTIETHY, HHPDHHE
TR ENTWD[39]-[42]. FEBRFFETEICEBIT 5 3 AKUEREAE Lo(34) % 55[43], [44]12,
Table3-2 (27”9 918 D OFAEOE THHENEZIT . IHOERIZLY, 35B~65HD
HPHD 27 1 D ORAE DR SRR E & BN T X 5720, FREFUZ A - 72 HHR D
Foid & E 25, Table 3-2 OAREHRNIXIAHRT 5 A8 & ARE L AWT/MNURLLT 1 #id
BECTHEE LZETH D, eidhfEs 5 4 TiRE L, PeHEERMG DHEHEMER T, %
D, BISLEBOEIERIEL LT, il TIREEOBIZE L ORI ORIE 2 EMi+ 5. Pkt
RE OMERER NS, FNROEEER ST AT . 728 2UE, # 1 @mEEEEEOLS
I%, No.1~No.3, No.4~No.6, No.7~No.9 OFEJHEHFFE A, 32deg/s, 43 deg/s, 54deg/s D
FIRERT ZLICRDHDOT, ZNALEEKTHZ L TE | EEEEREI(ED 3 FEHOEE
DHFD D Bl E 295 2 LN TE 5. [AERO L CIGEHEBEREME, 2 2 @RS E
O 3 FEEOEEDO P LEGEEE Z T2 2 ENTE L. ZNENDOZTI D DRl g
DG DTN RERPEHENEE WD 2 L1270, 7235, Table 3-2 12T 9 1@ Y DA
HEIZHONWTHE N BIOEREZITH Z & T, 3EGOERT — & ONYIE A ZJE U T ol 5L
DWRENFTREL 72 5.

Table 3-2 Speed setting combination of draining motion.

Angular velocity [deg/s] Time [s] Draining time

No. | Isthigh- Low- 2nd high- | 1st high- Low- 2nd high- | (desired value)
speed speed speed speed speed speed [s]
1 32 11 32 0.9 4.2 1.4 6.5
2 32 16 43 0.9 2.8 1.0 4.7
3 32 22 54 0.9 2.1 0.8 3.8
4 43 11 43 0.7 4.2 1.0 59
5 43 16 54 0.7 2.8 0.8 4.3
6 43 22 32 0.7 2.1 1.4 4.2
7 54 11 54 0.6 4.2 0.8 5.6
8 54 16 32 0.6 2.8 1.4 4.8
9 54 22 43 0.6 2.1 1.0 3.7
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323 BEADREENE—2 LEDRBED S &

WIZNOFRAEFLT, OFFHEIWERFOBEHEAR h LS ~DO e, GREEIERF O BERAR L
SO, OBBEBIERFOHEH O OREN D 3N EZ 6D,

Wz g =@ JEHEMERF OBERAR b A ~OHEHIE, JEHEIED SN TR ~ L
ANEERENROBLBLR TH L. JrHEMEIC X DERIEO 7 T X 2 W ENE T K
72, REHFHEEIED ERZBET D 2 & ThHEEEEE B A b 5.

Wz N2 — o ® BRI ERF OB AR b A ~OPEIE, BT RO I OEMED
FOB TR P VORTTIZH O E D 28R ThH 5. IRENERR O A OBIEREIC L S
EER O NNE R IR EN VEBR AR O 7% B IK 5 723D, aRBEEEE O LR KON FHFfH 2
RETHZ L THEEAREE BEX bND.

Rz N —© RREEMERFOHEH 0 ORR7EIUE, % I7 188D IS NS, i
i, SNEAEABET 2BETHD. M FXA I ZITRERT 223, Fi7 RS X0 S EFR~
O OBEZHIET 2 Z & THBEREEEZ X bhD.

324 EBRVRATLA

Fig. 3-4 IZEBR T AT A0 &R~ d . FBRITE LR FEH IR v /R 7 B 3F T
FEhid s, vRy NI 6 EmELASIELXH R Y b L)IEREE MOTOMAN®-MH3F

(B17—24:12600mm, 27 —2:270mm) AW/, 2 b —7—% RTLinux BRiE%
NR=2L LIV AT A TH Y, MBGRITHEEE) TIToTWb. A= T —%7 7 F v %
BRALEMEEROBR Y N AT A TH L0, MEGER & OAARITZEE TE 2200, il
TAIY XAORFEZIEE L TWD. 7238, TS00 77 A2 (—F7 ¢ v v —4H) o
Pe mE, AME ¢28.2 mm, PEE ¢25.8 mm, JES =12 mm, BEKRA FLOHEH AITAME
$342mm, P $294mm, ES =24mm THD.

Fig. 3-4 Experimental equipment configuration of discarding task.
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33 MBIAFEORRIEE~DER
3.3.1 JKEKRA~DEFA

PE B E O Bl DA G OEIE, REEESCREIR 172 & ORRIROMEIZ K-> TRAR
DAREMED B 5. BB T DAMIEIC K o CTREH T 2858 IKIT 2 5720, IRIBOPEE OEFE VN
BB DR BN L B2 D0 E D IR T HMNERSH L. £ 2T, KiEKEHEERE
AWTEREITY, TRENORGEEE %R 5.

328ICR LI ARy MK D28 R(ETEEZ KEKOBERIFZEICHEA L, Table3-2 (2R
KA DI DWW TKIEK 75 ¢ OHEHENEZ (T o7, Table 3-3 IZHEHBIERERH] & i ¢
DFERZ T, KREHIL 25 fps O ET AMG 2 b & I/NEURLLT 2 HiDRGEE CEHII L 7o /|
Th D, PeHEERRIE, PEHEEEZBRMA L T b5 2 EfEREhiENSE T35 £ TOR
M, Sl PR, JEHHBIEZBRAA L T Dl F35E T GRS H72< 72 5) £ TORERH,
F7z, n BIATREEIE, B TR 2D n BlaTE TOR TR TH 5. Table 3-3 DOFfERICD
WTC, A T E COREMECL ) % Fig. 3-512, BEHEMED 80 R 0 B R 3 HT i R % Fig.
3-6 \IRT. EOREE, FRRICK D2HEERSGHTCIX, F 1 mEEEREIEL 32 deg/s, 1K
R[EERENEIT 16 deg/s, &5 2 mnEEIHRENEIL 43 deg/s DA VR, Fof&ii FRF 2 K
LR D, Tbb, JHEIEICK L TR b AIENREERE L W IOENE LN, &
KT T RER 2 i L 72354, 1 Bl O3EBRT — 4 TiE No.2 £ Y No.d O,
KT £ 0 3 [ DFERT — % OFFEEZERET 5L Nod LV No2 OINFHNEF %
L. 7ok, (KEHEERENEDS 22 deg/s DRXEICBWTIE, PEHBFOFRHGEENHE S, ®iZh ]
H— O XV BERA R ORI E Uz, RERBIEREIEDS 11 deg/s, 16 deg/s 1Z-DW
TI, BERA Mt 325 Z L 72 < BRI FRETHh - 7.

FRURERDNS, Table3-4 (/RIS E & Uiz, BEEFR BIX 4.7 B CHEHBNMER £l ¢
& 5. Table 3-4 IR HERRE CHHENEAAT o 72REDE 6 WA I LU EE (£
FHIESEB L7 4 — Ny Z7l) % Fig. 3-7 1R, YEHEWEZBIA L TR 5T
PEHHENERSE T LTS Z L AR TE 5.
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Table 3-3 Results of draining time and dripping time.

(2) 4th (3) 3rd (4) 2nd
D dripping | dripping | dripping | (5)Last | Interval | Interval | Interval
No. | Draining time time time dripping | from (2) | from (3) | from (4)
time [s] | from last | from last | from last | time [s] | to (3)[s] | to (4)[s] | to (5) [s]
[s] [s] [s]
1 6.63 9.20 10.20 11.50 14.22 1.00 1.30 2.72
2 4.82 8.77 9.87 11.27 12.49 1.10 1.40 1.22
3 3.91 8.71 9.84 11.24 12.28 1.13 1.40 1.04
4 6.00 8.52 9.42 10.60 12.20 0.90 1.18 1.60
5 4.38 8.31 9.38 10.76 12.70 1.07 1.38 1.94
6 4.25 10.53 12.60 15.72 17.65 2.07 3.12 1.93
7 5.63 10.68 12.53 15.00 16.63 1.85 2.47 1.63
8 4.78 9.28 10.88 13.11 16.50 1.60 2.23 3.39
9 3.75 8.50 9.90 11.88 14.75 1.40 1.98 2.87
20
15 " m [ ]
z W w - mm BB O
g 10 i . . . = - .
S EERER I 11
N
HEEEEERN
1 2 3 5 6 7 8 9
No.

B (1) Draining time
® Interval from (2) to (3)
B Interval from (4) to (5)

B Dripping time from (1) to (2)

Interval from (3) to (4)

Fig. 3-5 Time to last dripping time.
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(c)
Fig. 3-6 Analysis for speed factor of draining motion. (a) Last dripping time of 1st high-speed
rotation. (b) Last dripping time of low-speed rotation. (c¢) Last dripping time of 2nd high-speed

rotation.
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Fig. 3-7 6th angle and angular velocity during draining motion.

Table 3-4 Speed setting of draining task.

Angular velocity [deg/s] Time [s] Draining time

Ist high- Low- 2nd high- | 1st high- Low- 2nd high- | (desired value)
speed speed speed speed speed speed [s]
32 16 43 0.9 2.8 1.0 4.7

33




3.3.2 EEB~DEH

ATE & [FBRIC, Table 3-2 ISR HLAA DEITOWTERIK 75 ¢ DHEHENEZ T 72, B
FWNTAGEK & U TRENE <, £, 77 23 @Ick L COENMER B MRN S 72
W, 77 AaNEBETHEENSEL, N E CICRERA 5. fERIER Rt
SET L7215 G A 30 UL EREERIRE < 720, AKEAKD & 5 1Y 2 B HET 5
ZENTERY. 22T, HEMEZ O THERICER L, PEHBEMERICH TR 1 B
25 ETORMEFHLZ. ZOMEE% Table 3-5 (/R

Table 3-5 DOFfERZ b LAHEHBIED ERVROEE R 5347 217V, PEHEE & NEE
DOEEMEC /T OV THOMT L7 3% Fig. 3-8, Table 3-6 (27573, Table 3-5, Table 3-6 D45 Hf
1 25 fps DET ABGEE & &I/ NEURLUT 2 HIORGEE CRAII L7 Cd 5. RFIE] 1 13k
HBAAD D TR 1 IS 72 2 £ CORERM, BER 2 (3P BIRAD b BEHIRE T & TORER,
WRERE 3 IR T2 DI FRIFEA 1 B 72 B £ CTORER], FRERE 4 138 T SR/ MR &
(2722 £ CORM, WEHE 5 (XHEHBRAAD DR/ MR EIC /2 D F TORFM, FEHE 6 135/ EE
(2725 T D PR 1 B2 2 £ TOREH], ThoD. FVEEE, P& 72200 FH
WS 1 FDIT 72 5 F CORERBN I b D72 — 2O TR O3 B % Z 4 % . Table 3-6 @
Wfd] 2, HFRE 4, R 6 ORFRIACY % Fig. 3-9 1R

e b ENERI 72 OIXRER 1 36 X O 5 AN & 70 B iR BERE Ak (B8 1 =i [RIH5Eh E=54 degss,
KR PIRRENE=22 deg/s, & 2 i PIHZEIE=54 deg/s) TH D2, T OEERK CHERIEE %
Fhii L7z & 2 AN ASE — @054 Lic. £z, PR TS TOREN R/ E DD
IXIRFE] 3 DN & T 2 A AR (55 | mR AR (E=54 deg/s, (KRR EIE=11 deg/s, %2
EH PR ENFE=32 deg/s) Th 5705, E OMERMK CHERIEEZ T L= & Z AIRISHITHAE
Lo 7-.

Table 3-5 Time until dropping interval is 1 second.

No. Draining time [s] Start draining ~ Dropping | Stop draining ~ Dropping
interval is 1 second [s] interval is 1 second [s]
1 6.60 10.32 3.72
2 4.88 9.36 4.48
3 3.96 8.71 4.75
4 6.00 9.80 3.80
5 4.44 8.67 4.23
6 4.28 8.96 4.68
7 5.72 9.88 4.16
8 4.84 8.83 3.99
9 3.76 8.15 4.39
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Timel

Timel:Start draining ~ Dropping interval is 1 second

Time2:Start draining ~ Stop draining

Time3:Stop draining ~ Dropping interval is 1 second

Time4:Stop draining ~ Minimum remaining amount

Time5:Start draining ~ Minimum remaining amount
Time6 : Minimum remaining amount ~ Dropping interval is 1 second

Fig. 3-8 Time allocation of draining motion and dripping motion.

Table 3-6 Time allocation of draining motion and dripping motion.

) Angular velocity Timel Time2 | Time3 | Time4 | Time5 | Time6
Motion
[deg/s] [s] [s] [s] [s] [s] [s]
32 9.46 5.14 432 0.14 5.28 4.18
Ist
) 43 9.14 4.90 4.24 0.06 4.96 4.18
high-speed
54 8.95 4.77 4.18 0.00 4.77 4.18
11 10.00 6.11 3.89 0.00 6.11 3.89
Low-speed 16 8.95 4.72 4.23 0.34 5.06 3.89
22 8.61 4.00 4.61 0.72 4.72 3.89
32 9.37 5.24 4.13 0.00 5.24 4.13
2nd
) 43 9.10 4.88 422 0.09 4.97 4.13
high-speed
54 9.09 4.71 438 0.25 4.96 4.13
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Fig. 3-9 Time allocation of Time2, Time4 and Time6.



34 MELEFEOBRBIEE~OBEAICHT HEE
341 KEKOEBRIEE~DBRICHT HEE

BERAFEZ AKEKDOBERIEREICET L7235 EIZOWTHEET 5. 3.3.1 HO Table 3-4 D
HEERE & LIeSa, PEHEER 4.8 7, Fofi TRERH] 125 B & 720, PRHEMEDRE T L
T LR F5E T35 £ CORMIL 7.7 L ipotz. —J, 1EEFOBMENITICE S L,
T TRERIE 3 Fb~6 FVRREE & . SRRSO Y 0 AZBW T T 7 A aNOSERE
P 2B, MIRABERERE R 1T, HRREZ 2T 28 L0, WiZho ) 27 %
IR ESE D7D TEEEZIT > CWA. 22T, M FEMEE2 K& TART T 5T,
TEIE (EiR) 2350 Tixe <, BBEERIC Y 7 2 24 ~DORTENBAE L2 & 25
RFHEE LT, il FEME (i FIEH) 2RET 5.

Table 3-4 CTREE L 7= CHEHBIES Sl L7, i FEME, $7eb bATE O IR %
KR T2\ IBREBN E 21T\, 5 IR & T2 O I DWW CORE A 1T o 72 A IR 0 7D,
15, 38, 58, FiFREE L O IERED 8 1Y DMEAEHEIZOVWT, 4 3 [[—#Ho
PEWRIESE 2 hin U 7o, JBOkEA JE 1TSS & [AER DK DD 30 deg, BHIEAIEIL 120deg &
L7z, F7z, BEHEDIE 108 deg/s & L, 1E¥EE LFSOIEERMON | ok L. £
DFER, WTNDT —ZIZBNTH, BEIRA M7 T 2 aDJEBICIRIEARELD Z &
<, BERIEEA ET 25 &N TE.

2Ry MZ X 2 BERIEER % Table 3-7 (277 7. Table 3-7 O OHEHENME, @iBEEEHED
RefI, [ 2 A & A2 W C/MUELUT 1 HTORE TR L2 TH 5. Table
3-1 L L7355, HEHHEEZ 2 FORREE, 1 FEMEL 4 PRRERMET 5 Z L WRETH Y,
PEHEMEDIMEZER A 1 B 720 ek 6 RERM T 2 ALNE LNz, Zeds, AR
O£ FEMED, BEEOWRENDOY A7 ZEMESE 5008 E-5 B0 TH L7720, i
TEMEIZ X - TREA CREBIRZ SERICHEH T 2 0B322 <, ARy MK 20 FTEIfEZL 0
Fo~1 ORISR E L C ORISR 220,

FRURERNS, vy N CREIRIEEEIT O GG, (FEENFERT 25512HT, EViE
TEEM T HIRIENNAE U2 & SRR T X 7=, Fig. 3-10 IC/EEH 12 X 2 BIRIEEN O 7
Z e A OB & KB E R T FER OGS, IREEENERC 7 7 X afEH A EICRE
<ENMET 22 LT, MOBEBMOEBETHIENL) A7 BE 75b0 L Bbhs. —J, aR
v NTCEEE EMT 554, EEEICHAT, 77 2o 0 odEHAIEE (TCP) %IE
MEIZFBET 5 2 LN TE 5. PRHEIES XL O%E FEME, BlEIEO —EHOEEIZRBW T, #%
FIRBEEED YA, TCP OZEMNLE 2 Af S FHETE 5. pif#E#EhEcRBW T, 7
T AN T LAV HE A AT 5 2 IR Th 5. Fio, R RBEEL, AR
RIZAAREZ = OPECICKWHETHD. B2EL LT, v ARy MTEDBRIEIFE¥(IZIBWNT
IEBEENVEREIZ, TCP 2410 L ~BE X7 b, iR ERE{EEZ{To72 L 25, 4 DRE
O FEMETIX, 77 A NRENBEL D Z & HER STz,
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Table 3-7 Discarding task time by robot arm.

(DDraining motion [s] @Dripping motion [s] | (®Evacuating motion [s] | Total time [s]
1.1
4.7 0~3 (108[deg/s]) 5.8~8.8

Fig. 3-10 Tracks and posture during discarding task.
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342 BBBROBBRIEE~DBERICHT HEER

R TIEZ BRI OBERIERICHEA L2581 0 THEET 5. 3.23 HOWRENRAE
BEOSHHERESBIZ LT, 332 H TR LI bW REERER B 1 mERsEfE
=54 deg/s, (RIH[EIEAEN1FE=22 deg/s, 2 MR EIHREI(F=54 deg/s) T, WKIENMDFHALRNE
TR 5. 3.3.1 HORENS, ﬁﬁ@%@@%md%m_&ﬁﬁék&tﬂﬂ& v
ONRET DT, 16deg/s ICEFTDH. T2, IRIENARZ =0 ®D IV AT B ET 729
IRBEHE A 108 deg/s 70D 54deg/s ICEET 5. ENLIMT S, 5 2 M RERENEAS 54 deg/s
& 43 deg/s TIHBIRIEEDGRHEMICITE A EEN2 N 0D, RENZ —2B®D U A
J &P LUTHHDOT72DIT 43 deg/s ICAEET . BT, 332 HTRLIZE I ITFREN K
INE TR DHRERE R TR N AL TNz End, R/IMERIZR D F TORFLE %
RIET D, ENENOEERERLDE TR FERENE & 55 2 @l BHREETH 203, FEfHE 4
DFEFOBEFN 04372570, Y10 EFCOoSBEH IR ETSH. LEER-T, H 1
R RERENE A 54 deg/s, (KIRAIERENER 16 deg/s, 5 2 mnd[#nEh{E% 43 deg/s, i TR
Z 0.5 B, RBEHEZ 54 degls & LIRS DOED, REBIROPBERIEEDORESMEL 725,
D&M, BERIEEZ 10 RIS L7272, AT —EH3E Loz,

AKIEIK & B E Tl R S OFLA B DN R D Z E b o7, TRIRD K ESCE
B EDOMEIC k> TROEEEN R D O ThiuE, HBEROMEZZE T 5ICi3K
EHEOFHRENLEILRD. LER-T, 322 HTORLEL I, DRrnERRIE Tk
IR AR ET D FEOREENEE .

PEMRIEEFM O Ll & Table 3-8 12" 9. B AR v N OFERIEERERIZL, BERx SR KIEAK
MOEERIRICE DD Z ETI3RELS oo, EEF LT DL 47 BEN-7=. 11
Y72 OFMERF NI ENL CTh 508, BERIFEITIEMAH 7 02 2D 72203 T b iR THE
DEVMEED OB FITRE L, vRy ML DBIRIERIZIEES LT, Lo ahRmIc
ITHOTEMTEDHEERD.

Table 3-8 Comparison of discarding task time.

) Draining Dripping Evacuating )
Operator Object ) ) ) Total time [s]
motion [s] motion [s] motion [s]
Expert Culture media 6.4 4.7 0.7 11.8
Beginner Water 6.6 3.2 1.0 10.7
Water 4.7 0 1.1 5.8
Robot
Culture media 4.4 0.5 2.2 7.1




343 BRBEBRELBEREEOBRICHT IEER

2Ry MZEDREBREED T, EEREAYEH S5 O3S PkEH B 1 5K ] s 8
EDLETHD. Lo T, (RHEEHREEOEEI T RIREIC L > CGRERELZEZONDS.
342 HTIX, ¥ARIK 75 ¢ D%, RHEHEHRENEIL 16 deg/s 23 il Th D Z & D3R STz,
Z T, WAL 0 OPEHEN —E L e D X OIS, HRIRE 75 g O OEERE L &
12, RE-DITR TR & & AR BB E O BIfR R 2 E U -

Llé:LR-gR (3_1)

ERICBNT, LIFRHRERE (g, QIXKIEEHERENIED AHE (deg/s), LplIFEUERTARIR&E
75 g, O IXIEVEMGH[EREIMED AR 16 deg/ls THDH. RIATHELNMEREZBEHAL, H1
R [EERENEZ 54 degls, KR[AIERENIEAZ O deg/s, 5 2 M [EHRENEZ 43 deg/s, i FHFRH
0.5 %, BBEEE A Sddeg/s & L, 25g~141 g OHiPH CHRIR &% 2 S B HEHEMEEZ LT
ST, ZORER, FEEERE 25 g DA ORI NE — @ RAE LT, Bk E 25
g & 49g DHFRID 37deg/s IZLT=E 2 A, RIENOREIT R 2otz E5IT, hitdER
ECERIKE Z I3 BT OFEREZER L, IKIEANBEL RN &2t Lo, 5RIKE
EARIE RIHRENEO L DO BIfR A Fig. 3-11 12T, BEBIR A 40 g~#J 140 g DO&IPH TIZ, H
PRI 72 0 OPEHER —E & 72 D ERE L7 2 (3-1) Crm 3k [m] #ix 8l F o0 3 %3t 5
%2 ETRIENOFAE LR WHEHEMERATRETH 2 Z L DM B TE 72, 72k, FRYMERT IR &
MO DOENRKEVERIKEOS S, 77 A3 LBERA bV OALE BIFR-CHE A B O 2 88T
L0, Wiz — @B ETHI A NEED. £, BERIREND 72 AKHEEERE)/E
DOFFEPENGA, K TREE O 7 7 A aNOEENE L, RIZNZ— @R ET D
UR7BEEDN, BERBEEDPDRWVIGEITH FREELES T2 2L TRENLY 27 %K
HTEsrLBEZLND.

60

50

Angular Velocity of low-speed rotation
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Volume of culture media [g]

Fig. 3-11 Relationship between volume of culture media and angular velocity of low-speed

rotation.
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35 FEH

IR ALBEZE D2 ) CTHBERFETRO— DO TH DM 7 v 228 WT, FrITlE
A DIEFEEEITHH > TO D BERIERITE B L, BEIRIEEDO ST 21TV, £ OSHTICESE
2Ry MIEDBERIEEZERL, vAR > MZED1EEAY v MZOWTHE L, BLFORE
RPFFONI.

FERIEREIE, HEHEME, W TEME, IREEEME O SN TERY, I5I, PEHEfE
X, & mEERENE, RS EE, 2 2 SREREE DR S LTV D
PEHEVERF O BB ERE 1L, FBRGIENEOFIEEZMA T 5 2 & T, 2R EHE
WARETH 5.

7Ry MZXDPEHEMER, 77 2 aodkt b gk flbsit 4 TCP & L, TCP ZIH]
fpl & LI BB b DA OBEIC L W EBTE 5.

2Ry M X2 TEEX, 7 L OEWELE COFFENARER T2, FH¥EE LV R
MO FEMENAEETH D & & HiZ, KIENY AT Z KM TE 5.

7Ry MZ XD BEEENENY, (FEFITIIARATRERAT BN FIRE CTH D, ZhIT kb,
R TFRITKT U TR 2B EPIRTEN D U A7 MR TE 5.

g ARy MZXDERIROBEREEOSRML, F 1 mERBEREEZ 54 deg/s, {KiH[Al#x
1% 16deg/s, & 2 R BIERENEZ 43 deg/s, T FIF A 0.5 B, iIBBEEIEE 54 deg/s
ICHRE LTz, BGEFEBRTIE, mAy MIEEE XLV 47 BEVERT, K < BE
R VESE A Fhi T 7.

FEIRIEREIZB W T, BBESHEH S 2 ox R ICHEHEEO (K EERE D & & T
By, HAREFEY 720 OPEHEN —E & 725 £ O IR RSB E O Al B & 3 E T
DT LNAGETH D,

FREMERICEY, vRy MK BBERIEEIIEESE g L, LV ZhEMITITH 2 &30
HETHY, WIENIZXDBEIRA MAANDOIHEGREO Y 27 & T 5 Z EBAHRETH D Z &N
R X7
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B4R ORy FMIEHFREXOHEL

AR T, B 1 & 2 DR OBERIERE DIEE ST 21TV, By MZ X585k
FIEORGTE LORGEEZIT o 72, T OER, vR v MIMEEE L ENICHERIEEEZITD
ZEWHEETHY, WIENDOY A7 2K TE 52 L 2R LT,

ARETIE, BB Tm e 22T 50 5 —DOHEERERTH DIERIERICZ T +—
HAL, FAERIC L DIEBRIEEDIERDSIT 21T -7 5 AT, vl Yy MK DERIEEOD)R
EFEZRETD L L BIS, TOAMELZIGET S, MEETIE, EERRH, WEhoA%E,
R 2 MR 5. BEIRIFEOSGE L FRERIZ, vy MR D HERERIZ TR & A%
FTTHFERWV. Th XV b, I MEER LRI EORE TR AZ# D R4 Z L3
RKOOLND.

4.1 EREROERZT L EBETEORE

FERO TR T BV TR E R 1L, EBEE Xy M2 AW THERAR SR
BERIR A WS I%, 77 A aNITIERT DIEEETo T\ 5. 8%, 1y hgfn7 7 22
WX L CTENEIL 75 g DEFEIR A 2% DFEE THEER L TWD. 5ty MyofEESHT%Z LT
LA, 1By NETVK 20 BOEE(RRZELTEHY, | 77237 OERIEER
ISR 40 B E WO FERNE DN, R ot RITE, By ML DEEEOWS] - 1
WIEEDIZING, 77 2AaDx v v 7O - BUHTHEE, KEn LSRR E R Ems
1B, EXy FOZHEERE B E T TN D.

HRIESE )T 2 BORFIEIE, MR 7E N 72 < KERIR A2 BRI 7 7 A I NIRRT
52 EThn. BAEERUIOGE THITREED BEKITED 5TV 5208, (FERHSC
TEWOREFE DBLR N2 5728, HINALERVESE OV ER MBS~ AT L. Fl 20, MER
BB E OMFZE T, FTEREE 2 R CE 2 b D0, KIRT = — 7 BUTHT RO EAZER
BT 2 —7 OHIT LV ERED AR RS DM b > 72[45]. R Ok R - 7%,
KIREDS 1,200 ml/h FLE L/NS W20, 75 g DGR A2 TEIRT 51203 225 RREZ B4 5.
S BT, BREDEI%~10%FEE L KE W) 2T, T a—T7 OESCEHMOMAIC L 27054,
E BB OBREL WS STV 5[46]-[48]. HENWEGEEOHIE T, T4 —F 7 -
TUA Ny ZHIEEARHA L TEBY, ERELY EMAECHIET2 2 & IXREETH 5 [49]-[52].

W HEE LTE, B8y MCEB1ER, R 7k D1, HERA SV OEBEER
MENMEBEZLND. BURERIU L 2L, By ML 2EEIEXZ Ry hTHELE O &
L7e%d, EXy MBENREMETH D Z L0, By NMEmN O DOWRIZIY A7 3En &
SN DD, Flo, RFICKDIERIFEZHEMLLES L LELGA, 1By NTLTT
A IV T PRELE 7D NI T, ZUIxE LT, IR ML BEEET T A 3 ~ER
T2 HEOGE, EFEBENRIZN 2 ERCERT 2 Z EI3EFICRETCH S0, =Ry b
O IERE 72 BE I & EREOHBENC LY, RIENY A7 2RI L, 2o, EHERR % EHEC
ERSLIN: I VAL
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Z 2T, vy MOSEEIIERAR MV 2R T, EEAR L B ESGEAT 5 TIEE R
D EREOHRIEGIEL LT, EREZ —EIZT2H 52 LORD b IVZFTEDEIE
(R VIEES 5k (2L 203, EERHZ EECT 2518, FEaichEt ¥ —20
AT TR L B2 G L CHIET 251k, 7 7 2 ISR S v &2 FH LTl
TLHERENEZOND . EERHZ — BT 2 H7IETIE, WEN SRR D R/EDFE LT
GA B BEORAENRELS RD LW BN D L. £, FEHONE | - —CTHiK=
ZEHT 2 5IETIE, R PV NOERBKEITHETE 22, 47 L7 7 2 aNITER
SNIEERKEZWELTWD EEMBRNLE WS ENHD. S6IZ, NRE Y —0DF
PMELZIE, RERHE (500 g FREELL L) oy FEBIS K ONERAN hL7z Eo &R X OMEM )
WEENDTD, SRREECREIMET UEMRAERELET 22 L3RNETHD. Lo T,
77 AaNITER S B A FHI LTI 2 51, 2L xid, = FEeEAEHnTY 7L
HA LTHRSNIZEZJE LR OIERT 2 TENRE L B2 5.

42 ARy MI&HEREXBELOBBRE
4.2.1 R

FEBR AT LD ZE Fig. 4-1 18, K EOHETTEZ Fig. 4-2 ([R$ . JHRE T 2 HE
T HIEET AT Y A AF43 filoRT. ERIIE LR HEA Y v 3R 7 5 3F THE
Mg % IR F VAR m ARy MEEICEE L, R L OHER % TCP (Tool Center Point)
&L, TCP ZHilr& LTZEBIAL DI T T500 7 T AT ~DERIEEEITH. S5, vl
v N 6 Eho Mzl E TCP 2 8 &S¥ 25 2 LT, 7—ABKOEMA s 2 %5 L
T, 8 6 MORHREIED A CHIRIEEZIT ) 2 LN AREL 78D, ARy ME 6 fhiEEE %R
WRPEE A v R > b 22| EER MOTOMAN®-MH3F (55 1 7 — 2 :260 mm, 55 2 7 — 2 :270
mm) ZfVie. YR UAZEROBEE (JIS B 8432 ICH#EHL) 13+0.03mm TH Y, L%
B <IliZH e EA2F LTS B XD, 2 hbu—F—|%, RTLinux B854 _—2 L L
T2V AT ATHD. 77 AEICERKREZ Y TH I LT, HR LEEROIESL L2 2
5728, 45deg HIT 7= B D I 7 7 Aa%F E 5. 50 Fizide— Fev (GEfEER LMA-
A-5SN) Z3ERREL, ZNOOAFHEIC L EREZRD 5.

Fig. 4-3 1207 ARy ML DERIEXDOELUEZRT. vAR Yy ML AHERIEXIE, OFRE
MRENE, QOUERENME, ORI TENED 3 BFEIC/ 1T TIT 5. OMERBIGENRIE, TR R
NV B EIZAEND 30deg (JEIEA Mzt v M DBRCESERIRD ZIENR WA ) fEHu
TeRIEE DS, FIAEIZAKFEND 45 deg W2 RBNTEHA L, WK ABRET 28ETH
%. QIEREMER, EERA MLE FREICKENS 45 deg - BB T IR L7RAET,
HRT28ETH L. OUERKE TEIEIL, HRA MV T & I2KEDD 45 deg V2L
BNOLWIIRBMIR L, HIREK T T2EETHD. KiEne<, o, AL—XREEL
FEHT D202, EIRBIGEEMERE A 32deg/s & L7z, £7=, TEIEK TEIEREE L, EhiERF
Mz L, 2o, 7 —AOEERCEEHRIR OIS 2T 572912 108 deg/s & L7T-.
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Fig. 4-1 Experimental equipment configuration of injecting task.
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Fig. 4-2 Control method of injection volume.
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Fig. 4-3 TCP (Tool Center Point) and injecting task.
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422 MEAKR— b EFRA— FOER

TEHAR Vi b OEBIERIZE W T, TG E 2R LS5 7201203, Ex — &Ik
MRS D, £IT, HRA MOX v v 7L LT, Fig. 44 DL DHIZ, WRA— b EHER
N— I &2 T2b D% 3D 7 2= XD EYE L. AR — M, AMl D DZE5ITR
T, P S DEERIFITR S 72\, Fig.4-5 DT 7 = A SV T LR CRE Z B,
Fig. 4-6 D(A) & (B)DKMT, EREMET OWRELZIET 5. (A)IX Fig.4-4 DK TH Y,
BNIHEAR— FZHNMANZ 100mm B L72bDTH D, 480g DIEFIR AR THRLIZ & &
O L OER &% Fig.4-7, Fig. 4-8 (/R (ER&EIIr — REANLDANERITr—
RATZ 4 NH =% L CHRIEL, EIT 10 ms BROFERENDHEH Lz, BIZBLT
I, BEERWE & KEK O T THEBR A FEME Lo, Fig.4-7, Fig.4-8 XV, BFEIR & KEKDE
EBIOHREZIZERETHLZ LMD,

(A)TIE, FERPICHERAR MVYNOEDN TR VAL DR, ZO/AENIKREE LD
NS L RY, FERAR SAVNOENTIRKEITE SN TNV 2078, HRPIZHR AR —
NESHZ DD ENB L OREIXIZIE—E L2 5. Lo, B)D X D ITHRKA— hAiE#%
RED D H T D56, RS MVAIERRE L 225720, R MVNORTRIROFEEIC
Ko TiEITIEDS.

ERAERND, (A)OMRITIERBMGE O T 2ROV KB CIRENIZE—E L 2> T
WD, HEREOHIEICE L ETHDEERD.

®3 o4

Inspiration port  Injection port

Fig. 4-4 Inspiration port and injection port.
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Fig. 4-5 Function of one-way valve.
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Fig. 4-6 Type of inspiration port.
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Fig. 4-7 Flow rate of injection. In the case of (A), the flow rate during the injecting motion is
constant. In the case of (B), the flow rate decreases with the remaining volume. And the flow rate

of tap water is about the same as that of the culture media.
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>
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culture media culture media tap water

Fig. 4-8 Volume of injection. In the case of (A), since the flow rate is constant, the slope is also
constant. In the case of (B), since the flow rate decreases, the slope becomes gentle. And the slope

when using tap water is about the same as that when using the culture media.
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43 AT E X ZRAVWEERT LT XLDRR
431 IRTA—S2 DM LBE

2Ry M EAWTERR MVNOEERE EMEICERT 2703 ) AAEREHT 5. 114
DWW EE 75 g 12T D721, TERKE TEMER A O EZ THIL T, EREENBIE
WAE TEMEICBAT T 2 HIEE B 2 5. ERE TEMER 4 DK E O T 5 15E% Fig.4-9 IZ
R ART T Y RLTH, ERE TEMERRG OIS 2 1 L T b REREICEET 5 %
TORFHE UT) ITHERSNDE %) 2 THT 5. HRE TEEOREAEE LT L
T, AT bEEEL T2 N TE L. HKEETIE 2 ms IR TY 7 2 a3 NOTERK & % FHH
L, W& TEMEZBIAAT 52008 9 D OHEZEAT 5. ARICE O F FIERE T IR & fi
FIHANS, AT OBIRICER SN D EE 100%E L, ZIUTxT 2 X%DEMN 75 2l 2 7=
RS CYEIRAS TEMEABRAG T 5. VRIS TEWEBR AR TR & Ve 1L, BAEEIRE v, Wik O,
AT, X # AW T FRATERESD.

V,=V,—(Q-AT -X-0.01) (4-1)

Fig. 4-10 DFNAT, /T A —FEH L T A —Z M L -@EfEGR 21T 5 . &S, &
WIEEEEVIR L2 EOT =X 52T I2k0, RIA—FERETDH. ERKET
EEBARTEIR B 22 70 g & L, 480 g ORFF&IR Z 5 B4 1F Tk % SR & S L 72 B
DI E% Fig. 4-11 12, W% Table 4-1 (2779, Fig. 4-11 TIREREIT — R KMHEIC
2 U728 TR 2RI DA DY, NS ER DIEICEIES 2 £ TORF#Z AT & LT,
422 HOERMNS, FERBIBEZERWZXE CIIRENZET D 2 L Wb 2hs, ik
TEMEIOEVEZ I L7 D KD EfICTRITE 5 B2 65720, 40 gbH 60 g D
X ZH\ 7=, Tabled-1 OVPHEE T A—X L LTEHHATAHZEE L, AT % 0988 7, X
7 T1I%CRE LTz, ST A—2 2 U725/ MR BT 3 HTOREEE & LTz,
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Fig. 4-9 Prediction method. The algorithm predicts the injecting volume(X%) during the

period(47) from the start of the injection end motion until the injecting volume does not increase.

Extraction of parameters by experiment

Conduct experiment
(Volume to start ending motion = 70g)
v

Calculate AT and X % from experimental data

et

Validation using parameters

’ Calculate slope between 40g and 60g
v

’ Calculate volume to start ending motion using 47 and X %

Start ending motion using calculation result ‘

|

Fig. 4-10 Extraction of parameters and validation. It shows the procedure of experiment and

validation. First, we conduct an experiment to derive 47 and X. Next, we validate using A7 and

X.
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Fig. 4-11 Volume during injecting task. (a) Overall view. (b) Enlarged view.

Table 4-1 AT and X of injecting task.

- AT [s] X [%]
Min. 0.910 72.3
Max. 1.060 84.8
Avg. 0.988 77.7
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432 AT & X ZRVIZSERTIILT Y X LDOKREEEER

WIZ, RTE LT/ T A—H % O CENMEMERZ FEhi L7z, 480 g DRFFRIRZ 6 [F1I253 1) T
75 g T ORI T 2 FEBR A FE L7 R % Fig. 4-12, Table4-2 (TR Y. 77 AR F 2 —7
FE IR TZI N AE U D Z & 7e <, ERIEEZ T CE 7=, HEIREEIX, 75.10g+1.18 g (30)
ThdZenb, EEHDT5gxl5g (#2%) LRFORHENE LN, BREROFERIC X
S THREE S N2 2 72 O 1EIR AR — MEEOWIIIZELd 54, Fig. 4-7 DX HIZ—ED
METHER CEIEREOHIINIFEE B L NS,

41 BIORHHRERIC L B &, FEEOHZAD 1 [01472 ) OERIEER TN 40 BTH-
To. ZRUSH LT, BARy hEHWEGED 1 FOEKREERFBIZR 15SBHTh o7z, 4
Fhite U7z FIE TR AR MDD LEBEEAT 720, BIEEIIRETHL. v ARy ML
DR L FIEEAMABRDETGE, Tv v 7B L - BT 2 FEETITo72E LT,
VEERFH] 2 - L P I CE D ATREME R 5 .

Accuracy
° d ° +1%

Volume [g]
~
W
[

Number of times

Fig. 4-12 Experimental results of injecting task. The culture media was divided into 6 times,

and 75 g each was injected. The accuracy was within the range of £1%.

Table 4-2 Experimental results of injecting task.

- Volume [g] Accuracy [%]

Min. 74.74 —-0.35

Max. 75.68 +0.90

Avg. 75.10 +0.14
Variance 0.16 +0.28
Standard deviation (10) 0.39 +0.53
Standard deviation (20) 0.79 +1.05
Standard deviation (30) 1.18 +1.58
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433 AT & X ZRAVVER7IILT Y X LOBERATGHELX

T 2 X Ao A2 TR T D708, WA - A — N OBREIEEE 2, B
AEFEBR 2 EhE U7z, R - TR AR — N ONRPNIREIC S 2 5 EBE ST 5720, £8—h
DODHNREEZT480g DEEFRIKZETHER LT EXOMELZWE Lz, FHERFA— FNEE 4
mm (ZEE L THEAR— FNEZEE 2mm, 3mm, 4mm (2 L7ZSAOTES Fig. 4-13 12, %
KA — FNEEE 3 mm IZEE L THERA— PR %Z 3 mm, 4 mm, 5 mm |2 L7256 O E
% Fig. 4-14 |ZR7. ZORER, WRF— MARITIMEICHEL 5 X 200, ERA— M
BERELTHERENEL LD END ZERbh o7, WA - HRA— FOWNE L -
iR DBfR % Table4-3, Table4-4 [T/, JiilE, Fig.4-13, Fig. 4-14 |28B\TC, BEFEEMN
TELTHEASN T A MO FHMEERA Uiz, s E & WrmfEos bR/ H L. &
TIERA— AR L & HICE L ooy, WEITERA — FAERD 3mm O%E %R T—
TT--7-.

HRAR— N ONBENTEICEEL 520 2 E0Nbho iz, ERA— FNZES 3 mm,
Smm DFEITONT S, 432 HEFRROERA TN L=, ThOORREE LIz D%
Fig.4-15, Table4-5 |2/~ JEHRA— FNRD 3mm, Smm OEAIZEH, 7T A 20K
W= NEIRICIRTZAE T 5 2 & 72 <, HRIFEZ FElii T 7o, ERBER, HRFA— N
2NN 3 mm DOEEIEL 7477 g2091 ¢ Bo), FHHRA— MR 5 mm OGA1X 74.79 g£1.34 ¢
(3c) THDHZ LD, 1EEFHED 75g£1.5g (2%) LRGSO RENELNT.
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Fig. 4-13 Flow rate (Inspiration port =2 mm, 3 mm, 4 mm). Even if the inside diameter of the

inspiration port was different, the flow rate was the same.
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Fig.4-14 Flow rate (Injection port =3 mm, 4 mm, 5 mm). As the inside diameter of the injection

port increased, the flow rate increased.

Table 4-3 Relationship between inspiration/injection port and flow rate [g/s].

Injection port
3 mm 4 mm 5 mm
Inspiration port
2 mm - 6.66 -
3 mm 2.46 6.62 10.32
4 mm - 6.68 -

Table 4-4 Relationship between inspiration/injection port and injecting velocity [m/s].

Injection port
3 mm 4 mm 5 mm
Inspiration port
2 mm - 0.53 -
3 mm 0.35 0.53 0.53
4 mm - 0.53 -
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Fig. 4-15 Experimental results of injecting task (Injection port =3 mm, 4 mm, 5 mm). When
the inside diameter of the injection port was 3 mm, 4 mm, 5 mm, the accuracy was within the

range of £1%.

Table 4-5 Experimental results of injecting task (Injection port =3 mm, 4 mm, 5 mm).

Injection port = 3 mm Injection port = 4 mm Injection port = 5 mm
- Volume Accuracy Volume Accuracy Volume Accuracy
[g] [70] [g] [70] [g] [70]
Min. 74.33 —-0.89 74.74 —0.35 74.25 —-1.00
Max. 75.16 +0.22 75.68 +0.90 75.57 +0.75
Avg. 74.77 -0.30 75.10 +0.14 74.79 —-0.28
Variance 0.09 +0.16 0.16 +0.28 0.20 +0.35
Standard
o 0.30 +0.40 0.39 +0.53 0.45 +0.59
deviation (10)
Standard
o 0.60 +0.81 0.79 +1.05 0.89 +1.19
deviation (20)
Standard
o 0.91 +1.21 1.18 +1.58 1.34 +1.78
deviation (30)
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4.4 AT &E X ZRAVERTILTY XLICHT 5ER
441 FBEBEZETELTIHEICHTEIER

ERA M OF X v 75422 HO LS & s Licsid, vRy MIXDERIEEDOH
BIXFE-E LD, £2T, MENETHDHZ EEFA L, EREEREZEE L5 7ER
FEIZOWTHET 5.

ERVEE T ORI EDOE L % Fig. 4-16 |28, 432 THOEBREE R A2 /0N L, RN %
[ & LA OFEREEZFHHT 5. KRG EIET ORERE v, K TEWELLRE O R
BV, EIREMET ORI T. 38 L O E AV, % Table 4-6 (27”53, FEERTIX 6 [RlEE TR L
TWDN, [BIEAHE 2 21220 CHEIRA MV OEEKIZED LT 72, Vi BLD 1,
XRAMEANC D D, T. OFHED 11.415 B A RRIER & L2560, TRREMET O ik &
Ve, THIRVEERIRDINE Vy% Table 4-7 237,

FEBRIC IR IRETA] 22 11.415 FPICIEE L CHERER 2170, TIHIME & ik L 7= f5 R % Fig. 4-17,
Table 4-8 (27”9, VEIRIGEEL3%REITUNE D &0 ) PRITH - 7203, EEITIE 10%LL EZ 0
ZEbbol. 6HIEIFRAAR— FAEEIRE ST LE D DI ENH X, HIRE
%L ol Z EBRRD—2LBEX HND.

BRI 2 [ & L2, HRAAEMER OIEREDIL S 2 & W& DA LI xR T
XN, A3HITRELERT VI XALBAEHTHLIES A 5.
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Fig. 4-16 Changes in volume during injecting task.
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Table 4-6 Vi, Vi, T, and AV, of injecting task.

Number of times Vilgl Vi [g] Te [s] AV, [g/s]
1 5.58 4.82 11.71 5.58
2 4.39 4.92 11.62 5.70
3 3.92 4.47 11.06 6.00
4 3.17 4.57 11.14 6.04
5 2.26 4.30 11.81 5.79
6 1.34 4.45 11.15 6.19

Table 4-7 V., and Vyof injecting task.

Number of times Ve [g] Vrlgl
1 63.67 74.06
2 65.06 74.37
3 68.51 76.90
4 68.93 76.67
5 66.14 72.70
6 70.64 76.44
85
R PP S N
81 A
= 7
g 75 ® “ o Accuracy
_2 73 [ ] v ° +10%
> 71
69 v
O -
65
1 2 3 4 5 6

Number of times
® Calculated value Measured value

Fig. 4-17 Experimental results when injecting time is fixed. The experiment was conducted
with the time of the injecting task fixed at 11.415 seconds. The accuracy was predicted to fall

within about +3%, but in a case it was more than 10%.
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Table 4-8 Experimental results when injecting time is fixed.

Calculated value Measured value
) Volume [g] Accuracy [%] Volume [g] Accuracy [%]
Min. 72.70 -3.06 70.66 =5.79
Max. 76.90 +2.53 82.86 +10.48
Avg. 75.19 +0.25 76.04 +1.39

442 FEREF7NLIT) XLOBEAGTHEICHT HEE

433 FHTIE, WA - EIRA— D ORGSR (W) 20, MENRLRL5E (2.5gs
~103 g/s) IZBWTHIRETHHERT NIV XLZWHTHZ LN TE, 75 g DIEREID
% U CHERS 1% OHPH TR T& 5 Z L 2R L7-.

B BRARENE & RIS TENMEZ & & 72 W EIRBNME D Z O it & & EHRIFF[E] & Table 4-9 1278
T ERER— PN RE L RDICONFENE L 72 0 BRI < 72 5%, HEiE nlfE72
DITHIREE DRI D I T o 5 728D, EIRBIARENE & s TEIEZ A DHE 724 4.5 B IZE
ETHND. ERR— FNEZ 3mm 205 4mm (12T 5 LK 16 LM TE 50121, 4
mm 25 S5SmmiICLTHRN S ULER TSR END, S5mm XY K& LTHKRER
R OFMEIT LD 2. F o, IMENEL D LRIENDO Y A7 BEL 720, RS E
K725, RS EEREEEZEETD L, EERA— AL 4 mm BNEYIEEZOND.

443 FRFZNITVZXLDAT RV X DBREICHT HER

A3ETIRELLER T VY XA LT, AT & X OFRZEORBLELT 5. 4321H
DFEFFERE S LI, THRED 40 g 225 60 g DRIOME X % 6.530 g/s, AT % 0.988 B, X %
77.7%, 1EREE 75g & Lz & &, HEREENMEEE LR%EO2% (£15g) 725 4T L X
Z R U7 fE S % Table 4-10 127”77, X 23 77.7% D513 AT 23 0.692 F0~1.284 £ (0.988 £
P 2 RAFEE30%) OFPH, AT 73 0.988 F DAL X A3 54.4%~100% (77.7%\Zx3 574
72430%) O T, FHRIEELR2%REIZINE D LB 2 L5, Table4-10 DFEAFIC LV FHIKR
Flh & it U724 & Fig. 4-18 (1R d. MERGHRE & EBEix —8 L T\wWb 2 &b, 1
THEEZ£2% (£1.5g) & LIZHA, ATBIXOX DfEZEE, ALY T30%EREHFATE D &
Sx5.

Table 4-9 Flow rate and time during injecting motion.

Inside diameter of injection Flow rate [g/s] Time [s]
port [mm] (Avg.) (Avg.)
3 2.61 27.55
4 5.88 11.42
5 10.23 6.06
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Table 4-10 Calculated results in each condition.

Conditions

Slope between 40 g
and 60 g [g/s]

ATs]

X [%]

Volume [g]

(1) Standard values

6.530

0.988

1.7

75.00

(2) AT = minimum

6.530

0.692

7.7

76.50

(3) AT = maximum

6.530

1.284

7.7

73.50

(4) X = minimum

6.530

0.988

54.4

76.50

(5) X = maximum

6.530

0.988

100.0

73.56

77
76.5
76
®8755
£ 75
S 74.5
74
73.5

73

-
< &
A W Q

Volume [g]

~ ~ ~J
S I
W L A W W

AT [s]

® Calculated value

Measured value

70

X [%]

® Calculated value

Measured value

Accuracy
+2%

Accuracy
+2%

Fig. 4-18 Range of parameters. The range of AT and X was calculated so that it falls within +

2% which is the same accuracy as the operator. As a result of the experiment, the calculated

value and the experimental value almost agreed. An error of AT and X can be tolerable about

30% in total.
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AREITIE, HEREEZ W ES S 3FEOTERT VT ALERETDH. AT & X W
7T VT AACHIEZ BN LSO (451 TH) 1, iEE BIEERE OERKT
EERRAATEIR B2 PRI L7 9 2T, HlRA MLNOERICER T 582 /MIET 5. M
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ZLEBSTEDIZ, HRA ML OX v v FITWR X A T[5312 V5. FERRITE LFE R
AAX Y RAD AL TN F 2 —k—)LB3F OB TS TH CET 5.
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(b)

s~

Injection volume after the
start of injection end motion

1st time

Volume [g]

1
1
1
I
I
1
I
1
I
I
1
1
&

S R, N

NN
Start of injection end motion

’ (a)

y-intercept ( .
l Time [s]

(a)

x-intercept

Fig. 4-19 Injection volume when injection is repeated multiple times. Injection volume varies

depending on number of injections.

it possible to analyze the data
and derive a correction fo

s the target volume No (75 g)
variable?

Yes (From 50 to 150 g)

(1) Injection algorithm using AT and X (2) Injection algorithm (3) Auto-tuning
with correction using machine learning

Fig. 4-20 Selection of injection algorithm.
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HEHRREE DR E2X D720, AT & X ZHWERT VTV RN ERZEBNT 5. &
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FH5.

C, = —0.0847(b, + 15.5478) (4-2)

7, RIS x O 2 HWIZHIES FTRE TH 5. Fig. 4-22 1%, HKED x U1 &, FHEMHE
LENEDZEDHEEZ R LIZbDTHD. TNENDOMIEREZITOT —ZITHEM L, FHEHE
& FERUEDOZED "L IAR (RMS) 25 L72fR, y S 2072548130261, x 8]
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THZLLTDH yUINICKDMIELREMT 52 & T, HRE#V IR LI L & OEREDR
DITKNET HZ LN TED.
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1
y=0.0847x+1.3169
R?2=10.0959
50 0.5 é . . .
3 ' : .
. o @eo - - oo @

5 0 °.°',»_-~.!.Q. e
&L - :
= s’
5-05 . .

-1

-18 _17 -16 -15 -14 -13

y-intercept [g]

Fig. 4-21 Correlation between y-intercept of injection volume and difference between

calculated and measured values. Measured value decreases as y-intercept decreases, whereas

calculated value remains constant.

1
y=-0.6179x +1.1628
R2=0.0887

=3 0.5 .. S .® S
59 e ° °
= O ........ [ IO YR 9..... ... [ ]
° o . N T 1
& ° ° °
= PY 1 J
8 .05 . o

-1

1.6 1.7 1.8 1.9 2 2.1 2.2

x-intercept [s]

Fig. 4-22 Correlation between x-intercept of injection volume and difference between
calculated and measured values. Measured value decreases as x-intercept increases, whereas

calculated value remains constant.
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TEMERMGRORENEET 5. 2%V, O)OBLENELT S0, @ICXDMIEDHR
TIEHEA+DTHD. 22T, BEEEREDN 75 g USOGE O EREZRTT 5.

Fig. 4-23 1%, 1K TEMERLARFO R & &, TR T EER A% Ok EOMBEE R~ LT
LDOTHD. ZHDHOFEICITHBEBERRH Y, EATERARE D720, BAEEYLZD O
HHREOELZE LT 52 ENARETH D, 75g & HIEEIEIREDOZEN, 1K T EERT AEE
DIRBEDFEL T2 D720, MIERE Co X BEERE V2 AW T PRt TRE 5.

¢, = —0.0017(V, — 75.0) (4-3)

HEFEREICLDHIEZMA S Z LT, 715U BEFKREIZH LTS, AT & X%H
WRERT VY A AN RREE 72 5.

AT & X N7 V3 Y AW 2 FEOMIEZ BN L7 7 v —F ¥ — b % Fig. 4-24
WRT. WER LOEEE, EREMEILY A I TV, 22 TR TR TEMEZ B
LTS, TEREES AR R OB VIS L A AN AT 5 Z LV Lz
O, fiE®E C & CEMATZ. AR Lo 7228, BAFRE VICHIERE C & C %
I % % Fig. 425 \TR" T HIELARETH D,

8.6
o5 8.4 ° ° )
_— ° PRCI )
g 8 ‘ !,-' ° e
g 78 ° _,.-':" i . )
.§76 ° 0 ’ y=0.0017x + 7.5115
=4 . ¢ R2=0.5595

7.2

0 100 200 300 400 500

Remaining volume [g]

Fig. 4-23 Correlation between remaining volume in injection bottle and injection volume after

the start of injection end motion. Injection volume decreases as remaining volume decreases.
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Injection start motion
v
Calculate slope
v
Calculate V, using Vt, slope, AT, and X

v

V.=V, +C,+ C, &< Add this process

Injecting volume >V,

Injection end motion

End

Fig. 4-24 Flowchart of injection algorithm using 47 and X with two types of correction.

Correction volume C; and C; are added to V..

Injection start motion
v
Calculate slope
v
V=V, +C, +C, Add this process

v
Calculate V, using V,

a’

slope, AT, and X

Injecting volume >V,

Injection end motion

End

Fig. 4-25 Flowchart of injection algorithm using A7 and X with two types of correction.

Correction volume C; and C; are added to V..
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Target volume(=x;) [==-===-=-=-==-=-=-===-=-=--—

Stop volume(=V,,) f========-======-=-=------

Volume [g]

Slope(=x,)

y-intercept(=x,)

Time [s]

Fig. 4-26 Features of linear regression model. Slope x;, y-intercept x,, and target volume x; can

be used to calculate stop volume V..

453 F—bFa—z=45

BB X 0 RS E AR B S5, MESNO®EANTHERSEEZ LS T T
T — 2 HWWET D MR D 5. 452 HOMER T VT Y XA B O HEEEREIE 50 2~150
g DFAFA & L7znd, B OERIEEICB I 2R EIIEE TH H. Lion-> T, HKT
NIV XA B ORBEREREXEEETHIET, AT —YOEZHRTES B 261
L. FIIMAT, T—2 0 OFMERS T 72012, WK T 2 720N B B ERE
TNDONRT A= eH{itET 40— Fa—=0 720 ) FEEBRFT 5.

O, 28y FOSITERZERTS. 1| £y bAOEITERTIX, BEEERELY 7
g DR B A 2 TR CTRIRIE TEMEABRMG T 2. 2 By NHOATERTIE, 1k
v hEE 2 &y b EOEREDOFHN BEFEREISGE S £ 918, HRE TEERIATER
BAENRETH. WIZ, 18y NEE2E®Y NHOJIT —% Z HWTHRERRET LD/
A—=2ERHHL, £ONTA=2EHWTHEKEZITD . Z0%, ZETITIE L2 ITHE
a2 COERT — 2 2 MW THRIERIFET VDRI A—=Z Z/HEHEL, £D/3T R
—ZEHNWTHREZIT) EWVWIHI TR 20 KT Z & C, HRBENRLEL TN &F
Zbid.

454 BEFHRT7ILTY X LORIIRER

BN, ERT VTV XL AL B OFEATERE L. AT FEBRORMSRIZIESWTHE
HL724/37 A =X Ofi% Table 4-11 (23, FHRT VT Y XA AL 6 v b OITHER
OFERZER L, EET AT XL BIL 66y FDOEITEROEREZMH L. w7V
TYXLAND 6y bOT—FWHEITITH 0.5 K], HKRT LT XLABD 66+ DT
—HWEICITA SSIFRIZZE L (1 'y 470K S5 5). —J, HER7 V) XA B

66



HRT N T Y XL AR TT —Z MR ES T, FEBRDPLLRNEND ATy Ehd
L. EERT AT ALANTIE, 7, BTERCTNELET =206 4aT & X ZHTL, 15
BN AT & X ZAWEERT VI X5 A x0T —2IZ#EA L, FHEEE FEEDZE
ZEMT 5. WIS, EHKEO y UL, FHEME L FREOZE L OFBEN S —2> B OfiER
Zo, VRS TEMEBIAGIR: O 7% & & VRIS T ENMERI 4G TR OVEIRE & OFEBIN D 5 H OHiiIE
BEEMNT S, 2L T, 4T, X, 2EEOMEENOR@E-4)DNRT A —FZHHTLH L0 )
FIENRMLETHS. FAUCKI LT, HET AT Y XA B ClE, JefTFEBR CUUE L= 3T
— X O, yUli, BEEKEND, Python DT E 74 77 U 2RV TX@-4)D 17
A= ERNTHENTXS.

RIZ, Table4-11 DT A—=Z LT, FERT VLAY XLOFWEEHERT D720
OWGFEFERR A Fhi L=, BAEVEREIL 50 g~150 g DT 10 g MR CTREL, 500 g D5
WRZFRED 50 g & FIEIHEATE THY IR LIER Lo, BREEFEBROFE R4 Table 4-12, Table
4-13, Fig.4-27 1279, HEFREN R L2256 TH, HRREZOREITIFARETHD. Z0
728, {ERRR 2T, BAREFEREICHT 228G TliZel,, g BOEETERHETH L L L.
432 HOFERICE D &, FEEDTRIFELFR LTS ED 36 13 1.5 g, vhy FRER
TAA) XA AERAOCTHERIEEZ R L5 AD 3612 1.18g THho7z. LEN-T, IE
WY XALAN, BiE, ETOREERETHERT VI AL A LVERTRERERL
T3,

F— b Fa—= T O EMERT D720, BERREN 50 g & 150 g DHAD 2 54
RZRWT, 28y FOEITERE 6 &y FORGEEFERZE L7z, MEEER6 ¥y FMro
K /8T A — X DOffi% Table 4-14, Tabled-15 (2, FEBHS R % Fig. 4-28, Fig.4-29 (2”7, 2%
v b HETIX, Fig 4-28@)I~A F AHEIZ, Fig. 4-29@)ix 77 2 H-> T\ b. v
N Z 72005 E Vo TUT LB RFEENR T2 bi Tl vy, Rz b2
Ty NOERDPMLELRD.

BT TV X LOEA LA Fig. 4-30 12, AU > hEF AU h% Table 4-16 (273
TR T AT XA NIRFED BREERREDOT — X ZIET 57T TROVLOICK L,
7Y AN B ITEAT 25O BEEREDOT — X ZWET LZHLERS DH. 1EIRT IV
Y RN NIET =X & L CEOOMIEZ X 20BN HHDIZH L, HRT VLTI X
25 B IX Python D TFE T A 77 VICT —FH ANTHET TRV, HRT7 VI Y XAD
BT, WE LT — 2 &M, 7 — 2 o E, R N E 2B L TRET 5. BEfF
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Table 4-11 Parameters for evaluating experiment of Algorithms A’ and B.

Parameters Algorithm A Algorithm B
wi —0.9634 —0.8120
w2 —0.0847 —0.1421
w3 0.9983 1.0007
b —1.1894 -3.5116

Table 4-12 Experimental results of Algorithm A’.

L Standard Standard
Target volume RMS of injection o o
Average [g] deviation (1o) deviation (30)
(] error [g]
[e] [g]
50 0.44 50.24 0.38 1.13
60 0.27 60.18 0.21 0.62
70 0.40 70.17 0.38 1.13
80 0.37 80.18 0.34 1.01
90 0.32 90.24 0.23 0.69
100 0.25 100.13 0.23 0.70
110 0.24 110.08 0.24 0.72
120 0.23 120.15 0.18 0.54
130 0.20 129.88 0.18 0.55
140 0.27 139.86 0.25 0.75
150 0.31 149.91 0.32 0.97
Table 4-13 Experimental results of Algorithm B.
L Standard Standard
Target volume RMS of injection o L.
Average [g] deviation (1o) deviation (30)
(] error [g]
[g] [g]

50 0.37 50.18 0.34 1.01
60 0.24 59.97 0.25 0.74
70 0.34 70.15 0.32 0.97
80 0.30 79.95 0.32 0.95
90 0.28 90.06 0.29 0.87
100 0.32 99.89 0.32 0.96
110 0.29 110.11 0.28 0.85
120 0.21 120.10 0.20 0.60
130 0.30 129.94 0.33 0.98
140 0.35 140.05 0.37 1.12
150 0.29 150.04 0.32 0.95
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Fig. 4-27 Injection error for each target volume: Algorithms (a) A’ and (b) B.
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Table 4-14 Parameters for six sets of auto-tuning when target volume is 50 g.

Parameters Ist 2nd 3rd 4th Sth 6th
wi —0.8866 —1.1242 —1.1800 —1.1589 —1.1418 —1.1488
w2 —0.1105 —0.1165 —0.1248 —0.1343 —0.1343 —0.1403
w3 0.9346 0.9770 0.9838 0.9733 0.9689 0.9657
b 0.3571 0.4316 0.5103 0.6750 0.7482 0.8696

Table 4-15 Parameters for six sets of auto-tuning when target volume is 150 g.

Parameters 1st 2nd 3rd 4th 5th 6th
wi —1.9387 —-1.6567 —2.4843 —2.7759 —2.9924 -3.2165
W) —0.0771 —0.0718 —0.0030 —0.0105 —0.0051 0.0156
W3 0.9894 0.9709 0.9420 0.9169 0.9165 09173
b 8.9816 9.3345 21.8131 279721 29.9693 32.0786

1.5
W 1
5 05 ‘
=
L)
£ - m - B
=
= -1
-1.5
Ist 2nd 3rd 4th 5th 6th
Number of sets
(a)
1.5
R
% 0.5
R S =
*8‘—0.5 W \
g -1
-1.5
1 2 3 4 5 6 7 8 9
Number of injections
—o— st 2nd 3rd 4th —e—5th —e—6th
(b)

Fig. 4-28 Injection error of auto-tuning. (a) Six sets with 50-g target volume. (b) Values for

each of six sets with 50-g target volume.
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Fig. 4-29 Injection error of auto-tuning. (a) Six sets with 150-g target volume. (b) Values for

each of six sets with 150-g target volume.
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Injection algorithm using machine
learning

Injection algorithm using 4 7 and
X with two types of correction

Auto—tuning

Preliminary experiments

Six sets of data with target volumes
from 50 to 150 g at 10-g intervals

.

Four sets of data with 75-g target
volume

.

Six sets of data with 75-g target
volume

.

Calculate parameters
Calculate A7, X, C;, and C, Calculate w;, w,, w;, and b

- Y- Y M

Calculate stop timing using slope, | Calculate stop timing using slope, y-intercept, target volume, w;, w,, w;,
AT, X, C,, and C, and b

Fig. 4-30 How to use each injecting algorithm.

Table 4-16 Advantages and disadvantages of each algorithm.

- Algorithm A’ Algorithm B Auto-tuning
Advantages - Small amount of data | - Light workload to - Small amount of data
to collect analyze to collect and light
- Can handle various - Can handle various workload to analyze
target volumes target volumes
Disadvantages | - Heavy workload to - Large amount of data - Cannot handle various
analyze to collect target volumes
- Prone to human error
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Fig. 4-31 Difference between calculated and measured values for 50-g target volume. Machine

learning was performed using training data with and without y-intercept.
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Fig. 4-32 Difference between calculated and measured values for each stop volume. To
calculate parameters of Algorithm A’, experimental data for various target volumes were used:

(a) 75-g, (b) 50-g, and (c) 150-g target volumes.
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Fig. 4-33 Difference between calculated and measured values for each stop volume. Machine
learning was performed using various training data. (a) Six sets of data with the 75-g target
volume. (b) Six sets of data with target volumes from 50 to 150 g at 10-g intervals. (c) One set
of data with target volumes from 50 to 150 g at 10-g intervals. (d) Six sets of data with target
volumes of 50 and 150 g.
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Fig. 4-34 Difference between calculated and measured values for each stop volume. Machine
learning was performed using each set of training data with target volumes of 50 and 150 g. (a)

First set. (b) Second set. (¢) Third set. (d) Fourth set. (e) Fifth set. (f) Sixth set.
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Fig. 5-1 Flowchart of the media change by humans (five sets).
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Fig. 5-2 Flowchart of the media change using discarding and injecting robots (40 sets).
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Motorl

Flask

90° -210°
Evacuating

Evacuating arm
Draining arm

Fig. 5-3 Mechanical design of the discarding robot. The draining motion is performed by the
rotation of Motor1 from —30° to 90°. Then, the evacuation motion is performed by the rotation

of Motor1 from 90° to 210°.
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Table 5-1 Design specifications of the discarding robot.

Items Specification
Width 430 mm?
Depth 270 mm?
Height 460 mm?
Weight 6.8 kg
st high-speed Angular velocity 54°/s
rotation Range —30°_0°
.I.St axis . Low-speed Angular velocity 16°/s
Draining motion ]
rotation o_g&0
(Motor1) Range 0°-45
2nd high-speed Angular velocity 43°/s
rotation Range 45°-9(°
Dripping motion Dripping time 0.5s
2nd axis Angular velocity 54°/s
Evacuating motion
(Motor1) Range 90°-210°
maxon
Motorl
DCX22L GB KL 18V
maxon
Gear head
GPX26HP 326:1
maxon
Encoder ENX16 EASY 1024IMP
(1024 pulses per revolution)
maxon
Control board
EPOS4 Compact 50/5 CAN
OMRON
Photosensor
EE-SX951-W

a. Maximum size during operation
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bottle

Flask

Load cell —=
Digital
indicator

Fig. 5-4 Mechanical design of the injecting robot. The injection start motion is performed by
the rotation of Motorl from —30° to 70°. Then, the injection end motion is performed by the

rotation of Motor1 from 70° to —30°.
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Table 5-2 Design specifications of the injecting robot.

Items Specification
Width 330 mm?
Depth 300 mm?
Height 500 mm?
Weight 6.2 kg
Payload 1.0 kg
st axis Angular velocity 32°/s
Injection start motion
(Motor1) Range —30°-70°
st axis Angular velocity 108°/s
Injection end motion
(Motor1) Range —30°-70°
ROBOTIS
Motorl Dynamixel PRO
H42-20-S300-R
Load cell TEAC 1004
Load cell digital indicator TEAC TD-700T
Control board ROBOTIS OpenCR
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Fig. 5-5 System overview. Discarding robot (right), injecting robot (left).
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Fig. 5-6 Overview of the discarding robot.

38



Table 5-3 Time taken by each operator.

Operator Object Operator only Robot with the operator
Water 2 min 32 s 2min 12 s
Beginner A
Culture media 2min 33 s 2min 15 s
Water 2min12s 2min12s
Beginner B
Culture media 2min 18 s 2min 05 s
Expert Culture media 2 min 09 s -

( Start )

»
Ll
Y

Press Start button?

Is flask on draining arm?
Isn’t flask on evacuating a

Start discarding task

v
( End )

Fig. 5-7 Flowchart to start the discarding task.
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Fig.5-8 Correlation between y-intercept of injection volume and difference between calculated

and measured values (when using the injecting robot).
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Fig.5-9 Correlation between x-intercept of injection volume and difference between calculated

and measured values (when using the injecting robot).
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Fig. 5-10 Correlation between remaining volume in injection bottle and injection volume after

the start of injection end motion (when using the injecting robot).

Table 5-4 Parameters for evaluating experiment of the six-axis articulated robot and injecting

robot.
Six-axis articulated
Parameters Injecting robot
robot
wi —0.8120 —0.8144
w2 —0.1421 —0.0980
w3 1.0007 0.9990
b -3.5116 -1.9142
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Table 5-5 Experimental results for each target volume (when using the injecting robot).

Standard Standard
Target volume | RMS of injection o o
Average [g] deviation (1o) deviation (30)
(2] error [g]
[g] [g]
50 0.24 50.10 0.22 0.66
60 0.23 60.14 0.18 0.54
70 0.22 70.13 0.18 0.54
80 0.18 80.01 0.18 0.53
90 0.26 90.11 0.24 0.73
100 0.23 100.11 0.20 0.61
110 0.17 110.00 0.17 0.52
120 0.18 120.01 0.18 0.55
130 0.20 129.99 0.20 0.60
140 0.21 140.01 0.22 0.65
150 0.22 150.00 0.23 0.68
1.5
=,
g 05
5
MITEFIETTY = 4
8
5 .05
£
-1.5

50 60 70 80 90 100 110 120 130 140 150
Target volume [g]

Fig. 5-11 Injection error for each target volume (when using the injecting robot).
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Table 5-6 Time taken for each process by robots with the operator.

Discarding process Injecting process Total
) 40 flasks 1 flask 40 flasks 1 flask 40 flasks
Ist 8 min 09 s 12.10 s 13 min42 s 20.55s 15 min 57 s
2nd 7 min 50 s 11.75 s 12 min 10 s 18.25s 14 min 13 s
3rd 7 min 46 s 11.65 s 12 min 25 s 18.63 s 14 min 22 s
Avg. 7 min 55 s 11.80 s 12 min 46 s 19.10 s 14 min 51 s

Table 5-7 Time taken for each process.

Discarding process Injecting process Total

40 flasks 1 flask 40 flasks 1 flask 40 flasks

Operator only 10 min 46 s 16.15 s 26 min 44 s 40.10 s 37 min 30 s

Robots with the
7min 55 s 11.88 s 12min46s 19.15s 14 min 51 s

operator

9]

Time (min)
— NN
w S

[a—
wn O

(e

Discarding process Injecting process Total

® Operator only = Robots with operator

Fig. 5-12 Time taken for each process.

95




53 EEHBIAKRY FORERRICHT HER
531 REXYERY FOT77 VIREROEEREICNT HER

HREEE T e — R 2 O TER T O RIKR OB &2 50l L7225 B IR TV ER 45
R EZ THT 5. FREEITLEX Y By NICRET 5720, 7 7 UBBKOIREI<
JRUE 2SR BV 5 B % B 2 TUTW T 7.

Fig. 5-13 12, #&¥ ¥ xy NN TOEEMEHEL T, WERLENG 10 BEIC7 7
> DOEWRE AN, 60 BRIZT 7 o OEREY 7. 77 URBRE L TV DHREIE, EHEI0.15
g ZHMNT—0.01 g~0.02 g DHIPHTEE LTV 5. HIEMNS 0.15g Z5(< &, 787513-0.01
g~0.02¢g &7V, FHERED 75¢g LHE L THDIT/MI W, LEBRST, 77 » OIREHE
JFERNTEARE I 52 2 BT Ch D EBERXD.

The weight is stable

0.16 i'l\ [ r7_\ rr]_l—\ 1Range of fluctuation

0 Y N

0 [10] 20 30 40 50 [60] 70 80 90 100
Time (s)

The fan is turned on The fan is turned off

Fig. 5-13 Weight measurement results in the safety cabinet. During the operation of the fan,

the weight fluctuates in the range of —0.01 to 0.02 g around 0.15 g.
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Fig. 5-14 Work-time ratio when using the robot to that of manual work.
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