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Abstract

Crayfish generate jet-like water currents during food search by using fan-like flagella
of their maxillipeds. The jets generated toward their sides induce an inflow from the
surroundings to the jets, which promotes odor sample collection from the surroundings
to their olfactory organs. Crayfish also use their forward gill currents to deliver their
urine to their opponents during their territorial fights. The objective of this research is
to study the effects of such active jet discharge in crayfish behavior and to investigate
applications of jet discharge in chemical sensing robots.

First of all, flow fields generated by a device that models the jet discharge of
crayfish were investigated. The results of experiments and computational fluid
dynamics (CFD) simulations showed that water samples are drawn from the
surroundings to the jet discharge device in much shorter time than by simple water
suction. The results also showed that there is a tradeoff between the angular range of
chemical sample collection and the sample collection time.

It is also known that crayfish can generate the jets in several different directions and
change the direction of the inflow. To investigate this behavior, a small ink discharge
device was developed. The device enables ink release near the maxillipeds of a freely
walking crayfish so that the directions of the jets can be visualized. It was shown for
the first time that crayfish adaptively change the jet directions during their food search.

Finally, a gas sensing method that uses active jet discharge was proposed for an
aerial robot. As a crayfish uses a water current to deliver its urine to the opponent, the
proposed system uses the jets generated by the two connected quadcopters to deliver
gas drifting near the ground to an onboard gas sensor. The CFD simulation results

showed the feasibility of this method for methane emission monitoring in landfill sites.
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Antennule

Fan organs

Fig. 1.1 (A) Locations of fan organs (exopodites of maxillipeds) and antennules
(chemoreceptor organs). (B) Maxilliped during power stroke. (C) Maxilliped during
recovery stroke. Figure 1 from Breithaupt, T. 2001. Biol Bull. 200:150-154®.
Reprinted with permisssion from the University of Chicago Press Marine Biological

Laboratory, Chicago, IL.
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Fig. 1.2 Flow generated by crayfish and the induced inflow. Republished with
permission of Company of Biologists Ltd., from “The flow generated by an active
olfactory system of the red swamp crayfish,” P. Denissenko, S. Lukaschuk, and T.
Breithaupt, Journal of Experimental Biology, vol. 210, 2007®); permission conveyed
through Copyright Clearance Center, Inc.
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Fig. 1.3 Visualization of the jets generated by crayfish. (A)—(C) show the variations of
the flow generated by a crayfish. Republished with permission of Company of
Biologists Ltd., from “The flow generated by an active olfactory system of the red
swamp crayfish,” P. Denissenko, S. Lukaschuk, and T. Breithaupt, Journal of
Experimental Biology, vol. 210, 2007®); permission conveyed through Copyright

Clearance Center, Inc.
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Fig. 1.4 Flow fields generated by crayfish. (A) shows the instantaneous velocity field,
and (B)—-(D) show averages over 30 instantaneous measurements taken at 1-s time
intervals. Republished with permission of Company of Biologists Ltd., from “The flow
generated by an active olfactory system of the red swamp crayfish,” P. Denissenko, S.
Lukaschuk, and T. Breithaupt, Journal of Experimental Biology, vol. 210, 2007®;

permission conveyed through Copyright Clearance Center, Inc.
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Fig. 1.5 Comparison between suction and jet discharge. (a) Flow induced by suction

into a point sink. (b) Flow induced by the jets.
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Fig. 1.6 Aggressive interaction of two male Astacus leptodactylus. Urine was
visualized by using Fluorescein dye injected into their carapace. Reprinted from (1)

with permission.
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Fig. 1.7 Landfill site. Photograph courtesy by Haruka Matsukura.
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Fig. 1.8 Structure of this thesis.
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Fig. 2.1 Jet discharge device.
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Fig. 2.2 Streaks of fluorescent ink when the jets were discharged (a) to sides and (b)
45° backward. © 2017 IEEE. Reprinted, with permission, from (27).
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Table 2.1 Arrival time of the ink streaks to the jet discharge device from the ink

discharge port.
Trial Jet descharge to sides Jet discharge to 45° backward
First 17.4 s 28.5s
Second 17.1s 30.4s
Third 17.7 s 27.8s
Average 17.4 s 289s
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Fig. 2.3 Arrivel time plotted against the water temprature.
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TR % 1 SICE & TG EORERFN N D O L, R % g
L 7co BRI E R A2 W2 56 O EER & R U KRS & i AR k& 2 e,
RTTREWRGI LT, s L7ToKZ2HEH LT ud7e 62w, ZOEERT
X, W5l LK EAKBEOHRIZHERR E LRI 20T < WEiiE R E )
SWEF i ) AVERD AL CF a—T7 28,E W5 L2KEKEOIMIEET
= BEWIX/AEAAIZ 150 mL/min T2 LT =72, 5| L7e KO EITAF
T 300 mL/min Tdh D, KETRRLHEBRTHIMELH A, 300 mL/min TKZ%Z
W5l L7, JIENE 3 BT - 72, BERSF % Table 2.2 (237, WM& i L7=4s
B LT RGO K D EaFEDOL E IR M 23937 > Tz,
F7o. EBROBITIZDOT DI AKENIZTE > T2 it O B % IEF T2 1T <,
WG K DTARD G & FENRDEFIT NS WL Ghotz,

Flo, EFRTEHEONIHBROZLGMEEZTARDHT-DIT, 51 & FHITH DKM
BRI E M U, MERA RIS E & AR O IRAHE O % Fig. 2.4 12
AT, WENC L - TR ES &g 5 &, W0 &2l & U CERRI RIS HARD
FlEFELN TV, 2D, Fig. 2.4 DALEWEIRONLEIZ D DL WE %
HlEFE D720, W51 A SALFWEIR & OFEREL 8 & L2 EROWNE O
EERTHRSITHUERDH D, ZOKR, WolZ XD EO5] & FERIZ, B
BLZUTOHEGBRTROOND Z ERTHED OFFFEIC L 3> TN B,

4

V'ZZ?XS (1)

Table 2.2 Time required to draw ink solution only by suction.

Trial Time

First 101.2 s
Second 104.3 s

Third 109.2 s
Average 104.9 s
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7272 L,y VId s, ¢ 13D, x 135 0 & AR o RHR E o
HEia£T, 72, ZOXNTIIKEOHFELZEHLL T D,
KB CIL, BRIERO B 0 %2 25 ORI 60 mm OHSIZERE Lz, £ LT,

TEEND 10 mm ORI BB NEET D00 R A2 RIE Lz, Len
> T, WEITEFEEZSIZHFEDZOITIEL, 60 mm OEROEFEND, PR
10 mm OEROEFEE 5|\ H o Ok E 2T T 25 Z &2/ b, LarL, &
B DOEER DA, Wl 1%l &3 252 60 mm OERZHE & BROWNEBICE
PRAERCEEE N AV AT, £z, KIEEWS| O OEEEN WD, 5l E T DI
BROEFEIL, FEKOBEELIFITHE L b, UEXY, ARIOFERT, BF%
Gl & TE DO G| LT UL B 22 VDRI ORTE I,

CEAR 60 mm OB — 6% 10 mm O) +2 - WAL O R

= (904.77 [em’] — 4.18 [cm’]) =+ 2 —42.41 [cm’]

=407.88 [cm’]
ERIND, ERTIE. KE 5mL/s TSI LTWD, 5l EFFEITH 0 HRER-IE,
KD ONT-KFEZ 5 mL/s TE-T8lo b ERDOEND, EERTHIE I NT-FF
&7 2 &, EImmIC B H IR O 528 23.3 BV, ZHUIsI &S
HEREE LEREGE LD TH Y, KEDOIEEBE L CIEMICAREZEE
FTAUX, BERRENEREIC E HiziES< &P EIND, LaLl, 1 AnbKE
W5 LG a IR R R NG A S dv, A RIOER T, aFE 05| X%
HIFHZEROEENO R D Z N TE D LRI,

Fig. 2.4 Schematic diagram showing relative position of the water inlet port of the jet

discharge device and the chemical source.

40



244 EBREREIZKH2GVLDEIEFENREDLLE

W, EBRFERICB W T, B X > TR Z 5] & 7 O e B &
BN & o TR % 5| & FE D 72 DI LBk 2 el 9~ 5, AR TR D
5EEE O TR 10 mm OHSIZERET H2FE T 10mm Z 82T v 77 A LAEHIE
L7ze TUVARICHAZOZEOKE O ON, FRICEHE S 025 M
TR OB 2508k Lz, T LT, ME LT v I &2 A 2, 0
DR O EEE ORTS 10 mm 5 60 mm £ TOHIZH - THEIC, ThE
MO BB B AFENEE ICBIET D OIS EZEE Lz, flzf, EE
725 30 mm OHUR THIH SNc AR E 0| 758 2 OICHLERFR T, &N
DO EREEDS 30 mm OIS 20 mm F T ->72 8 20mm 25 10 mm £ TO
TNENDT v T HA LGt T5 2 L CHEEBEND, BIRLZ L DT, Bl
10 mm OHLENHAEE F TARZ G| EHFELOICLERFMIX, EBH T 51T
E/hE 0,

Fig. 2.5 12, &) O OB & B SN2 O BItR &2~ 9, Waz X - Tt
RESI & FELGAITIE. BBEESE < 7251006 U TR E RIS RIF I HE I L
TWL DIZHK LT, ME I Z WSS IITmERN /S, 51 ETHRIT L

O Jet discherge to sides
< Jet discherge to 45° backward
O Suction

110
100
90
80
70
60
50
40
30
20
0 10 20 30 40 50 60 70

Distance from jet discharge device [mm]

Time [s]

I @ =
<

T l T I T I T l T l T I 1 | U | T l T I T

Fig. 2.5 Time required for dye solution to reach jet discharge device from different

distances.
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Loz, WiEE AR, 5l & FEDFEOBEEIZIG CREmEN /SN b
MENHITNDEO, FEERRITIBW TS, 5| & ik U 72 58 128 i 2 v
705N, BEEEC K9 DRI OISR N TH D Z E DR SN, 0
DEEBEOEFHIT o D551, FEEOEN DI, LinL, BBl OB EIToT2
Bt L EABERICERZ B LIS e & i35 &, 60 mm BIGICH 5 EBHFEE
FlEFE DB, W E AWV LEA EERE AW A5 T, AR e 2 HE
BT OB RGN 5 5 DOEN D Z Lo Tz, KHEIZBWT, Wik
Bl X FHELDICEREA WD Z EIZEFRICEHTODL Z LR EN TV,
F7- B OERD S OMHEED 30 mm OALEN S OFELE | X HE 5 DICES
LN 518 B TH Y . 20 mm DOFFIIX 243 B ThHo7-, U H=IFEEEE
RLTHEEES>TWAHIFIC, ZOONEHIEE > THUOGRE/RD S L0 5 17E)
VIR, ZOMNHIEFE S TWHRHEIZ, RS TH3IBRBETHL, Z0W
UH=OITEN EBTHREEZ 2D &, T U T=DRHEZRER L THRERI-> TN D
RFIZIX, RIS D 20 mm 225 30 mm OFFEECH 2B W A5 2 FHFETWD LRg
b,
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25 Zal—YavIZkbRNGDEN

AHFFE T, P OBMETAR 12T Y 7 b7 =7 Td 5D ANSYS Fluent 14.5
(ANSYS, Inc.) & HW o, BUEIIATIFY I 2 b—3 9 T, 22 2 BEsUb
L CHIERICHE A R D, ANSYS Fluent T3 = L—3 3 U&7 HBRICIE, £
FTIOFA MV ETVEER L, WICEHRERABEBLT 5, 2 LT, SEREMNE
EHIISEEREL Ty ab—ya Y ERBT S, AT THW LT
Wevab—ya UFEEERTIC, RISE T, RICEHEREROBER L Z1T 5
Gl EBERGFHEET LT,

251 BRIRBICEITIEHEDHRE
VEANIET IV

VI ab—ya VEBOREZ, ATZELRIC TH S, 1E 2100 mm, &S
2100 mm, /& S 100 mm O EFEDOHIZITAKN W2 S TR Y | Fig. 2.6 1277
L O T S R AE R E 2SR E ST D, PEE AR AR B 0D i 0D R A
2D L U, WEAERCEE D x SO ED F A < K 912 x Bl & AR
EINTND, ERIZADLET, ¥V alb—y g UEERO gk, i
KEZBEL TS, LML, ¥ a2 b— g CEEOMIEIRETIER <, K

p 2100 mm -
A - -
P 1200 mm
A (a)
Jet discharge device
S £
£ £ Y
o o Of=»y
sl § r
(Y] -
v
v

Fig. 2.6 Division of computational region.
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(i 7 SAVTERI DA E 2 L TV D ERE S H, BRIIBER & 7> T, T3
2 b—2 g VBBEBNICERE SN TWAERAEREBE L., EWERCRE IS4
DE 30 mm, £ 60 mm OME TR L TH D, FLATHIE TIX, IO B
% /e DBER, $%)745°, EJ745°0 380 ICEZTWAN, AR TIEER
DEREL % T 45°D 2BV IZHON T I ab—a v E{7o7-,

RSO

BEEDOEAEN R E VR, &2/ < UCREBUb L=, XV Bk
HERE RS D, %ﬁﬁnf BEDOENKENZ ENTRENDWS]
0D JE 32 ROVE It 0D 8 ARk ﬂ EW’\m#w%%%émLTm%m
%:\Em®%$%ﬁ%$%ﬁbfk@ ££ 2.84 mm DOMEIROKH / XL k&
Db, 5N SO A MR ORI E&wa o . BN OME
WIZB L Tl £V EIN T TW o Tz, & 2 CTARME CIix, HiEFD
@T%éﬁ?ﬁ%@%@?%#%%¥%@5iﬁuﬂibhﬂ@26$®aﬁ
AEREEE 2 B IR (I B W T, T aRIE N T 5, AENE. ZofEko
K& &% 1200 mm x 1200 mm & L7z, SCfTHFSE CldmE ﬁ@@#&% YasV SR=N
IZMEE A 95 2 2 b—3 3 > TliE 240 mm x 284 mm, %7 45012 k9
HI=2b— g TE 800 mm x 800 mm & L TU /o,

ELIET NV EBAKBEORE

ELIEE T /LTI realizable k—& BT /L& L7249, GRS % Table 2.3 I
LD, BRGEMIE, LTO L DICERE LTc, Wl MIZIT—FRIIE S0 & F52
FMHBEA R EA S TWD, FHGEEIXERICE T 2 AR &S 300 mL/min
THDHZEMLHHELTO0.795m/s & LT, EHEICB T 2L X, 202
3D 1 THDH0395m/s & L7-, £7=. realizable k— £ /L CliL., EHHEIZBIT
HERIREZRET DMNEND D, Z DEDOEREIEZF S SR TRk
HTEY | GLIHEZ 10%ICRET D ERODEYRERNVEOND L RE I
TN DO JKIE & MEPRA RS E OBERIZIL, VBV I UBERSME, AKEIZIZE Y
BESESRGAE S ST 5, FHRESEZ R EFEROMIEIZHE BB E L,
F—T 0 Pa DENEERBEHA SN TND
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Table 2.3 Details of the simulations.
Solution algorithm SIMPLE

Discretization schemes Gradient: Least squares cell based
Pressure: Standard
Momentum: QUICK

Convergence criteria for residual error 1073

UL, KESCKE EFRZR2D, ¥ o b— g VEEROMIE I XA O
ANHD, TOED, ANAEREM L LCENOEERET 7200 TR,k
Ee bR ET HHMENH D, ANSYS Fluent Tlk, ZHHDEERETH720IC
UUTFOMNSOFENHESNTHNDE®),

1. k and epsilon
k& e DEZERANT DT ETH L, FRTBIT D k& e OFAEDREmM
DEEIHET 5,

2. Intensity and viscosity ratio

ELIRIRE %] & ELERPELL 2 HE 4 2 5IE T IR < Wb 5, El
TR I3 L2 1~10%MRE, ELtkitEiiTlis L& 1~10 FRE KK
L DHANE,

3. Intensity and hydraulic diameter
ELIRTREE [%] & K NERm]Z46ET D HIETH D, ¥ 7 M EOWEIR
NZFET BRI T2 5HE 0120,

4. Intensity and length scale
BRI [%] E R &S AT — 1 m]ZBUET 2 HIETH L, ORI AT —
ANTRTE DEEITHEI SN,

MO T Ia2b—varyTE, 1 OFEPMHVWONTEY, k & ¢
IZIET 74V b CATT STVl Y 72BN E STV =0, UL, 4lF

45



DY Iz2lb—alBNWTL, k& e OEPBEMTIZZR<, ARERICTET
DELCR L 2 HEE T A Z L b REETH D, IMOE I A — /L HBEATIER W
ZEnB, 3 0FHEEHW L, ELIRTREX 10%E L, KOERITERO KA
DELRZELEF LT 2.84 mm & L7z, LLEOFKET, FHEIBRAEOWHN 0 m/s TH 5
T ERVEISGME UTRBITABRMG L, ERFEEIT o7,
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252 EREREEDOREHEICEEAINI-RNEG

WEFORPICIER SN im0y 2 = L—y 3 ViR % Fig. 2.7 & Fig. 2.8
R I D 7= DI AT Tty 2 2 b—v a VSRR TRT,
INHOKTIE, HEEREZ B D R TnD, KHRO/NSRRENX, a0
EH O OHLLER AR S KEEICB T AN DmE AR L, FORIEZ T L—
R =)L TERLTWD, £, WDV L—RAr— )V DI KIEZ 10 f5IZIAT 7=
ay A —EEQTERLTND,

Fig. 2.7 1IMEIR & A D BRI L7280 RTH D, KA ERIE AR
% TR 2RI awiﬁ%ﬂ@#okoﬁgzsyﬁﬁéﬁﬁmﬁﬁ4y
W LS E0fRETH D, 2 b HIE, FREEEROERAITICRBIT SR O
PR ANEND L BTz, RAFZEIZI VT, AR O M O RS %
L7, —MReIZiE, R SIS A D LT LV b EHE PN TR S
DEIRD TR E L~ TH Y | FHER RIS D MABER KO/ S0
ZEMZ, L, AFFEICEWTIL, Fig. 28 IZR 6N 5 X 5T H H BB
FATIT OMER ORI EN R iz, Fig. 2.8@)D A L BICERT D &,
B AR BT 2 BN A SAUTZE RS Ui T LE>T0n D, L
22 L. Fig. 2.8(b) Tlid, XU/ d Z &R ATV D,
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(a)

[mm/s]

20

10 Jet discharge device

100 mm
L 10 o

(b)
[mm/s]

20

100 mm

— 0
Fig. 2.7 Results of simulations for the jets discharged to sides. (a) Before changing the
simulation conditions. Adapted with permission from (30). (b) After changing the

simulation conditions.
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(a)

[mm/s]
20

10

10 KJet discharge device

100 mm

L 1 g e

Fig. 2.8 Results of simulations for the jets discharged to 45° backward. (a) Before
changing the simulation conditions. Adapted with permission from (30). (b) After

changing the simulation conditions.
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WIZ, FEEIC D> TRIF D DALTFWE % 5 2 FHE DO pEIC B3 2 5
BAER AT, BERITICBT DMNOWE AR % Fig. 2.9 [Ond, KSR
EEETLAIOV I 2 b— a URERIT, CHkG0) L 0 S-, EiRA R E O
AT ICH > Cx D EDHE & & > TWVWAH DT, EEORT 60 mm O Hig %
Hul e LT, y O EDM T 25 mm, ADM X2 25 mm O #iFH T 2 5~
7oo BRHAMEEIT x B L CAARTH D20, 5lEFHFEoNLmb AL
HFRZ72 B3 T TH D, EROKHFRAPNThOGEICH, FIEEEKRO
a2 b= g UTHE LRI DT B EAA S IIEM TN D,

Fo WEOKNBERE T 5, 24 B TR _ZEBRICB W T, kA KD
WL Bl ERFEDZENTE DR, e EABERMICKE LIZSEAETH o2,
2.4 Hi T ERIZ IV TIEL 2B O IE ISR E L7t 02 b B FE 0 E I
FlEFE LN LM AT LTz, £ 2T, Fig. 2.9 ® y=0 [mm]OHFHIZHFEE T
5L, W ABTT AT LB DA, £ 0.2 mm/s HUOFDE AR L TU
5, L2l ERICBWTEREZ G| & T LD 0o keI, %5 45°02
R AR L2 R EL > TEY  Fig. 29107 Iab—a URR LT
JELTW5,
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(a) — Before changing simulation conditions

— After changing simulation conditions

16
15
14 |
13 |
1.2
11 |
1
0.9 |
0.8 |

07 v b vy by b b b by
-200 -150 -100 -50 0 50 100 150 200

y [mm]

Velocity [mm/s]

(b) — Before changing simulation conditions

— After changing simulation conditions

16
15 |
14 |
13 |
12 |
11 |
1
0.9 }
0.8 |
0.7 oo b by b b b b by

200 -150 -100 -50 0 50 100 150 200
y [mm]

Velocity [mm/s]

Fig. 2.9 Transversal flow velocity profile at 60 mm to the front of the jet discharge
device. (a) When jets were discharged to the sides. (b) When jets were discharged to 45°

backward.
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253 2AKDEREOHEEEA

Fig. 2.10 X, Fig. 2.8(b)IT/R L7-ME 2% )7 45°1 2 L2 a D> I = L—
voa URERIZ, RO OND 45 EICHN D ERE S WL DO TH D,
RO OO & IXE ST 45° 5 M TH D05, RIS 2GRN T
WS ABEITEEOZ GTRNC T, 45°Ll EE 72> T b, KHEORHIOEOHR S
T O RN ERLTEY , ABRWVIEETREDIIEH,

MR A A DBERIC I L2 a (Fig. 2.7) LT 5 L, Wiz AA DR
RRIZHCH L7235 A 3B ORI & %07 THEIFIEE LW OIxT L, it E %
7 AP LT, HEO®R G IZH HMEOTHENELS oo T\ D, %
057 45°1Mg i A U L7236, 2 ROMEFRAS/E A 5720 MiglZo 2 HE D
NDMAEEERE L TEWE O, ZORE, HRO% T OTEPELS b, £
DLTET ., RIANOH EFEDMENE X, HERTAICBIT N EL 7o
OTIER W EEZBND,

INEMEPDO DT, #FF 45°ITH T oM AMIOAZ LTy I a b
—varE{Tol, Vialb—val EHEEIorIa b —v a3 EFRIUTH
%, fEHR% Fig. 21117, R TIX, %7 45°OF M5\ ERE & o
HFOLA—EH L TWD, Fio, EIROFITT L% TOMIEOWEZ LD & 12T
LR TWND I ENGNnD, ZORMRIL, HEPHEAIZS EFER 12720
2, EEZTPOEIK ZENTELMEN DL oo R, BRI 5]
X LWMENE 2, WHENH L fe o7 &V A AT TV D,
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Fig. 2.10 Enlarged view of the simulation result shown in Fig. 2.8(b) around the jet

discharge device. The yellow line shows the initial jet discharge direction.

Fig. 2.11 Result of simulation for a jet discharged 45° backward to one side. The

yellow line shows the initial jet discharge direction.
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26 VIZal—YaliEREERBRDOLLER

INETOYIab—ya T, EEOIEMOTMAKRIZAE B T HUlEMERIC
MR FAE R FH R TE TV X I TR A TV, FHEEIR O 5 RAHT D%t
NGB AL CIX o le, EEMICHIHMIATRER S I 2 b —a U &21T D
TeOIZid, HEEME, 2 0 EHRERO P RAHEZ T T < SRR o
GHIELSHAETETWDL I ENNE LD, 2 T AR TR TIL,
MNS 2 EEMICLERTIY I 2 L—y g U2 LT, EPIEGEEERD
EOHPATHEMEMICZUBRERDBONDL VI ab—va U EEEZRDD 2
LR AR E LT,

ITIE, Bohniev I ab—ya UREREFEBRER L LT 5, ANSYS
Fluent TlE, FJEIEIZBIT DiE A EEME L LICH T2 R TED, £2
T, BOFEHEM S SEAREEF T2 1 mm Z & OXFIZHEIL., & XH
DR ERERIZBWTENEND R BT B EO V2 H 0 | fsn Z o
2 AHEEZBENT 20200 2R AR L, & XEIZOWTRBRICRHE %2 5H
MLT, 2FHESEZAFT 2 EI2E Y, FEEOFTT 60 mm O G I %
Gl & FEDDIThH DM AR Lz,

Table 2.4 |Z5| X FHHICEFT 2R EZ E L DD, WRAFEELLE T HR10T
2 b= g T, SIEFELNLMAROMEE THELTE TEHT, Eitx
%7 4500t U123 B DR DNE N o T2, BEEIT>T2RER. OO
MM OM TR D ZEITD 72 e o7z, LrL, 253 HIZER/TZLDIZ, 2K
OMGROHAAER OB LY | LB ORI H 2 iR DFHAE < 72> T
D EIRA %S A5 LIS G 0 S EA BRI L7eGa L0 biiE
WHNWEETHD, 20D, (LFWEE L EFHED DI DRFMIL. EiR

=1

=

Table 2.4 Comparison between the simulations and experimenents on the time

required for chemical to reach the jet discharge device.

Jet discharge direction Time calculated from results Time measured from results

of the simulations of the experiments
Side 26.5s 17.4 s
45° backward 233s 289
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ZEAFMICHH LIS E 03k < %77 4510 L2 a O 5 23,
—F . FEBRTIX, iR E LGB L2556 0N 5 & FITh Dk
MDD > Tz, EBRIZI W TERRZ ZEA BRI L2356 & 1207 45012k
LI a a2l 2 &, EABERICHERZ U L7236 0508, MR F < B
[ZEET D, DT, WEFAEECHETZE L CKMEN ZIEER T DN AR SN D
WENRELI RV ZEITHD, 232 T L 912, ABFFEIC THER % F
THRM A ERICE > THRET Lz, L L, KENOIBERKEOEEAZ R &
INTELT, BEOF XHFHITHODLIEHMD, BERRWESEE XY b 7o
TWDHEEMERH D, 2O LiE, HE Tk z sl & FE sy o7y o7
FETE, ABEOEEYOEEIZL > T, {LFWEERBRET 5 £ TICET DI
MNEDDZ L ZRBLTND,
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27 KEDFLEH

R AR LIzgegh o 7Y vy oG AR R T2, AR E A
THERO T MEYI Y B2 T, RN I 5k Dg| & ZEsh R
EIRA LT, WA A A EARIC T S & BEEICRIET IR O M4 E R
Peomb iz, HLBIK ZENTE R, —FH, BREk)7 45075 &,
LG BT DUARO A RPN AN, Bl & FEIZRR-IA 00Tz, ZDX
I, WA W TR OWEZ 5| 2 58 2B, BlEHFE LTS 2K
D FERPH &HE DRI F L — R 7 OGN D 5 2 & BNHER S iz,

{CEWE 25| EHFE DD LMK b M FiEE LT, A7 Z2Hn
T 1 RICRE AR 3 5 HER S 5 Eii a2 FIH L TR E 5 2 58 2a8 L
WallZ > TR Z s EFHFEGEEHER L 2 A, WEIZ X 55X HFHIT
KIEIZRERI DI D Z Do Tz, ETEHEENEEN S 12T, 5l & FEIC
NN D EERI OB RKENIEFICRE WD E MR SN2, Wit E O Ttk % 5|
TTEEDL L, WHl XV RS GIEFELND T DRI, KL & e
HIDIZIEF AN FETH D Z Lol

WA A DBERICHH LGSR ICBOWTERERE VI 2 b—v g UHER
LR U7 AER, FERCIIK N O BRIE O Th | & T3 2 RFH 23
MESIVTCWIZRBEMER S D Z E N gnoTz, LIz > T, Mt Ttz 5| & %
WO TN T FETIE, AMOBEEDOFECL > T, LEWE E R
HT 2 F TICET HRRIDNZE DD LR IND,

R TIEME DL 2 BRI L e 5B O B38| & RN o 7223, 2
DM D JEER IR DT &35 & | PR A EERIPH & W ORIZ F L— N
TORFRRH DL E VO E — R ET D, L, % 45T A L L
A E X F A E N OITEEOIEH DA TH Y | Fig. 2.9 THIEE D
R TN BITOFEITEL 2> TV D, xR baEE 5 &%ETL
BIREM A )T, IRWAEN LS| & TR LT RREHNEL 2025 D%, —
FNVX—RAFHIN S LGN TH 5,

N
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F3IE

)drﬂ

ERICK HDRADEI EFE R,
O & AT

3.1 [XFL®HIC

ARFZETIE, BEEMLF v U AT AOBZICIANT T, OS] & T
@%%\%%&vilv~v5ymiwﬁﬁbf%ko%2%?1 WU =
%ﬁﬁbk% ZHWT, WA AR LT BRI EEE ORI I m%ﬂ&@i
INZIEB I\ > THIEFE LN DN ERE LR e mto%®F%
m@%ﬁﬁﬂ_iofa%%ﬁ;%#5%%#£ﬁ5_&ﬁﬁﬂokoK$H
Ry MIEHETERE2AWZIERT VT LD ETHE, V=
L—ya UOEO G Z & 05| & FEhRE FRICHAOND Z ENE
FLV, LML, F2ECTHERZVI 2 b— 3 Tk, EEMRRENSITE
BRAE IR & —E L TV, (b WE OS] & FERHIZE L CIXERERIC 2 Y 7
F%iﬁghfwﬁﬂoto%%imﬁW?ﬁofﬁw IKKIE DREN B 523,
V3 alb—ya rCIEEHEEROMIE A BERERE S LT, EBRTIE,
TEDSEE | é?‘_o“(ﬂd‘ﬁlﬁ ZPRER T DAV AR S 4L, RIS A2 > TV < Jitd
ML T2 o T2 DTV E TRNROL, 22 TET, FHAMERE ERERE &
[FIkRL ﬁ%btoé%’ ZOMIZH A vy a2 DS/ EIalb—vay
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32 YXal—Y 3 EEDRE L HEEORMRRIE

52 M TR FEEBRIZ, 1200 mm x 800 mm O H 7 — /L TiT->TH v | JH
AR THENRTWD, —FH T, ¥ alb—3 g ClEEEEEOMEA Eh
B & LW, FEBRTIEL, BEmOREN 22~ HRn X 5 ICHIER M 4
RE LT b OO, HED DA ST E R BEICE 22 L CKEN AR 5 i
&Y MEFRITHD D HNPNEL R o =D TRV E TN O, ZF 2T,
V3ial—varORtEEEORE I EEBRCHWEAH T —LEFET
1200 mm x 800 mm {2 L CEHEAZITV, I =2 b—a VOZYEETIT-,

Fig. 3.1(a)\ZFHR I LK % | Fig. 3.1(b)(SPEit A B E AT D FL R 2 7~
¥, Fig. 3.1@ITnd K 512, FHEBEEOEHICE > Ta b f ORI XY) -
Too RHRSEBROEM Z HTeHEIZIL, FEREMEE LTV R LELRET D, £
LT, BEmEfTE O L U CRERIS 2 35, BERSER A1 H 3~ 2 BRIC A 72
R&EIen ko, fHkant CIITHEU R A XDA Y 2 AT 2 0E
MNBHDH AV 2aDRESEEZTCYIab—ra kL THEBRG LR,
a/Pb fOFEBIZIE Smm W HFOREEA v 22 AT 62 L L L,

F 7o A AT IR O PEHZE A K E W, Fig. 3.1 R L2 X 91T,
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D—E % Table 3.1 IZF & 7=,

58



800 mm

V< 1200 mm klz .

Fig. 3.1 Division of computational region. (a) Top view of computational region. (b)

Enlarged view of surroundings jet discharge device. Reprinted from (31).
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Table 3.1 Geometry setup and mesh details.

Jet discharge to Jet discharge at

the sides the 45° backward
Computational 800 mm in width, 1200 mm in height,
domain and 100 mm in depth
Mesh details Size of cells in area a — 5 mm square
Size of cells in area A 0.284 mm 0.568 mm
Growth rate 1.06
Total number of cells 12648545 7346386
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3.3 ERFHEICEDIANGOEHEN

3.3.1 WRAFHLFHAESH

HIHIZ, RIE T2 2 b—r g v ERRRIC, EREHEE21T -7, Table

QICHBEREMO—EERT, TRETOV I 2 b—1 3 v L FERRIC, MR
WEEORMIITITIEY 72 UBEAZRE LTz, FHRMBEBOMIE & EEIZIE, oL
BEZ M L7c, B DWW TiE, Wall Z38R U721, No Slip Ti&72 < Specified
shear ZIN L, x, y, z S OF WIS 20 & LT, KExHEH Lz, Wsl0
ERLH T, velocity inlet ZH L7z, FEBRCRE LENDET L, Wil
1 OFEE 2 -0.789 m/s, HH OO % 0.395m/s LXE LTz, Wb, —4k
% 5z 7z,

ELIEE 7 /L1213 Realizable k-e£ 7 VA L7z, ELIRICEIT 2 A D BER O
BT, ELIRTRE & AR NEREZRET 2 ik v, fiE T~z Ia
—¥a » EEBRIC, 2 2 TIRELRTRE 2 10%., /K JJEAE 0.00284 m (ZRRAE L7z,
Eff@ﬁ‘ﬁ@ﬂf% CITAEYERERAS 2 L 7

F 7z, FEOYIMMEIZIX, Hybrid Initialization % i /] L 7=, Hybrid Initialization
ElE, A A 7*—jﬁfit75f)1: IROE LT2E# (10 BIFRED) 72T EHREZITV., 20D
EREVWEICRET 2 HIETH D, EFFRE 1}5'7/::\ HERAVIZI T E D

MZ R > TRERICEIIHZ2WI T TH D05, #ERICITVVEZ P HE J\ﬁﬂ“é
Z L CEHERMZEMTE 5,

Table 3.2 Boundary conditions.

Name of surface Boundary condition
Bottom Wall: No slip condition
Sidewall Wall: No slip condition

Wall: Specified shear
Water surface

Shear stress: x=0,y=0,z=0
Jet discharge device =~ Wall: No slip condition
Jet discharge port Velocity inlet: 0.395 m/s

Water suction port Velocity inlet: —0.789 m/s
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2.0 1.5 1.0 0.5 0 20 15 10 5 0

Fig. 3.2 Results of steady state simulation. (a) Result of the jets discharged to sides.
(b) Result of the jets discharged to 45° backward.
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Fig. 3.3 Streaklines from the dye solution discharge ports. The small red balls show
the dye solution discharge ports. The color bar shows the absolute value of the flow

velocity.
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LN E T, Lav L, RO 2B LIsD TH 6 4 R L T
b, SN ARFRIT, RIS E T O TEEICM N> T EFEDL
NDEETDBIEI N, WA EOWIUITE R0 o7, Lo T, FHHEEkD
JEBH A 0 72 UBE T A 72 5:RIC B\ T B 2 1% 7 4512 L7258,
EFFETIIZY RN E LNV E D RIENFIT > T D AR D 5,
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341 mHREHLFAESEH

RIEICIR 7= K 512, %7 45T & ikt L7235-812i%, ERFE CIEE
LWERBSE DN L D MR MNIER R EN TV AL AR S 5, £
=T, EEEIHEAIT o7, Table 3.3 BRSO —EZ =T, BERSIHTZ
NETOYIalb—ra bR THD, ERAREEORmIZITHE D 7o LEE
BEE LT, FHEMEEOME & JRmIciL, M0 LEZEM L7, Emicown
TIE, Wall 28R L 72, No Slip Ti&72 < Specified shear ZER L, x, y, z 7
MO AWIS 2 0 & LT oKEZ B Lo, ol B & Bt 11ZiE, Velocity inlet
M L7, ERTHRE LZMENLOEH L, W5l OfiiE 4 -0.789 m/s, A
N OWEAZ 0.395m/s LERE LTz, WIhh, —kRitEL 5270, 728, fLtic
B2 ADOBEROREITIE, ELIEIERE &R 25 E T 2 ks vz, 4la
%, ELIRTRE & 5%, ELinAPEER A 0.5 12 E LT,

TE AR CIE AIMEIC B & T ER IR RS RIXR i e 5, — 5 T,
HEFHEOLEIL, EEOYIREEZERT LS elithHz2oE s LThHx
e YRR EAERIIAE OV, I, BT B ELTES & BT D
nNThsd, LnL, ZLOEADOY I 2 —ra Y7 by =7 THESIhT
WAELE T WX, Il LB A BE L TWDH, ZD7d, D>

Table 3.3 Boundary conditions.

Name of surface Boundary condition
Bottom Wall: No slip condition
Sidewall Wall: No slip condition

Wall: Specified shear
Water surface

Shear stress: x=0,y=0,z=0
Jet discharge device Wall: No slip condition
Jet discharge port Velocity inlet: 0.395 m/s

Water suction port Velocity inlet: —0.789 m/s
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ETORNCEAELTLEI Z END D, £ T, AFRETIE, BAIOEDHE
g & A7 L CEIET v E HWTICEHE L, TORICERET V&AL T
HEEZRTDHZE L L, &P oiEMHT 28T T VICiE, Standard k-6 &7
IV U, BE AT T OO MLER A VERE R S A ] L7z,

LTy 22— g VTIEXA LAT v 7 A X% 001l BELT, 1
2Ty M) O R UEHEREE 20 A & UCEME LT, —REIC . FEER
FAETIE AT v 7 Y70 OFHFERBEN 20 BILLFCIORT 5 Z ENREFE LV,
SRRELEZFHETYI2b—a rEZlLIKAT > THA S &L 20 [BILANIZIUR
LTWeDT, ZORETHEERT DL &I LT,

Wi, EIET VA EAETICHET 2R ARG L7, IEEHFAR THEA
R LToD, 1 BRI EICmESMZ M Lz, Bt CHE T 2 REM 23
L. ERET VA L CHE AR T, MIRSEECRET DANCIEA LT
LEolz, £2C, JiED 0.2 m/s LLEH DI, BERIZEZE L CREHIRIZIA
WY IED D E TEHIRET VA AT R A2 7o, ZOfSR, FHEBLE)
B 7 FORGIE L 72 e AT LAY 0.2 m/s BA b & 2 SEIR S BE [T 12 728 L C LRI IC
RIS dhdTz, 2T, T BWETHRLL%, SLET v 2EHATAZL1CL
72, FEBR UL, MO BIA L TH D 30 BORIRGE L 728 CRBER Ok
HEdhD, Sl EFERFMOREERLE LT, &2 C, EEFFHEIZBNTH,
TR 2N 30 FUIC 72 2 £ CRHHEZE LT 7=,

Table 3.4 Calculation conditions.

Item Set value
FromOsto7s From 7sto 30s
Turbulent model Not applied Standard &-& model
Near wall condition Not applied Standard wall function
Max iteration 20
Time step size [s] 0.01
Number of time steps 700 2300
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Fig. 3.4 Results of transient simulations. (a) Result of the jets discharged to sides. (b)

Result of the jets discharged to 45° backward.
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<& Steady state simulation with free boundaries
U Steady state simulation with no-slip walls
A Transient simulation

® Experimental results
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Fig. 3.5 Time required to draw water samples from different distances for the jets

discharged to the sides.
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Fig. 3.6 Time required to draw water samples from different distances for the jets

discharged to 45° backward.
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Table 3.5 Coefficients for the equation that respresents the time required to draw

water samples with the assistance of the jets.

Coefficient Jet discharge to the sides Jet discharge to 45° backward
a 1.08 1.45
k 0.10 0.16
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M Jet discharge to the sides

A Jet discherge to 45° backward

— Approximation for jet discharge to the sides

— Approximation for jet discharge to 45° backward

10000
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1 10 100
x/d

Fig. 3.7 Double logarithmic plot of the non-dimensional time required to draw water

samples from different distances. The straight lines are calculated by the least squares
method. According to eq. (3), the coefficients are calculated to be @ = 1.08 and £ = 0.10
for jets discharge to the sides and a = 1.45 and k£ = 0.16 for jets discharge to 45°

backward.
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Generated flow

Fig. 4.1 Schematic diagram of the ink discharge device to visualize flow generated by

a crayfish.
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1420 DIREDIEE

TATHFZEIC TIT OB EBRCYTIX, VY T=RE0EWRE TR EDE
< DIZELTREMITEE T30 DMRE CThH 7o, T D7, "Ei nl thil F5k %
ITOBRIT S 30 o lEY Y T =BT A > 7 2 LT 2 Z L 3T
LHEINCA VI BREEHRETHIENEE LY, BF., 1 VIV REEZZTH
IXT 2138, AL TE DRI OND LB X HNDD, A > 7 ZhtH3 i
THIEE, ERBREESIKICA V7 BIEN - T, ABFFEOFEER TIX 500 mm x
500 mm OFEHKFEIZE S 10 cm £ T/KAE AL, T AT O B KEED
DKL LI EEICH AT EFRE L, EAKMAH S L5 ICME H#RE T
XDHEVNTMFICHLET A I AT HRE LT, MIKOTHERE « Lk 5,
ZOWE. EBRSETIZON T, i IHEEMN T IS SR E iR Eh
TeAv 7 e, FEEZEY A7 ODRBPMIE S5 720 EiO AL TX
<7 T LE D, KT, KRIEOMIEIZHE LA AT OEIG TIX, Z O

NIHETH 5,
FZ T, WU =0 %2 b TE ., 2> 30 /R Ul T & M & @
BTExBH LT, LBEFERIKBOA V7 OREZRH LT, EBRIZIZ, = a6M0

B LA v 7 i@ o7 v ¥ A 7% Fn 7263, 500 mm x 500 mm O35
KB L Y =B WEED X5 EFMAIRABEN L b L DI,
FEEROPRIZTROYF Y W=D (VU= Y ’IY - h=ox=H% HKHKXH
¥ a—Uy) ZEWZ, ZOKEARNIC, BEOT e N A T EERADELT
AU BW Y H = (Procambarus clarkii) %= ANiv5, ZABMHIICET 214 7 &
LCattdFEe—4 I 6G 2 HW, ZEOIRE% 200, 300, 400, 500, 1000 mg/L
DS5SEVICEZTZ,

FBROFER, A 7 REN 300 mg/L L ETHUL, 1ZEAEDF A I I T
A a b CE D Z N gmoTo, 7272 L. AV ERFEIROIRE MK 56
zﬁﬁw\ﬁawaé¢fw%k%w@%@@$%§i%mmf%otﬁ\
ZOBERIZZEDEREDOKRE NG, SITHENEHE, ZOEA, KBS
Ni=A v 7 EEBOKDIBENREELO T, U T=nAa @)K AT
TIE 300 mg/L THIEFRDFF D300 N2 ERH -T2, 500 mg/L DA 7
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EHOWIVUL, R EOREREEZMEH LHETH, ZEAEDX A IV
TN TE 72, Zo Loz, FUT=DEkZ L DREx ST
WY7e A v 7 REIIEDLTZD, RGO TS U IVIREEZEXDZ LB
BHERDGH5bH5,

HKIERARD R Z TF OB DN T, A 7 IREZ 300 mg/L & L7=GAICE
WTCIE 15 0B S £ T DO A T 0B THEFRO H &2 R T 7=, 30
ki L= T, B EOB A 7’@%%%% \ZFf o TonNT 4 I AT THR
M2 X — A L CiR LBl T3 2 il 0 2 ENTE, Thboxr
%izf\4V?EE%%M@&kbf%h®%ﬁ%ﬁ5_kkbko
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4.3 AV BREHEEDERK

BA%E L7 dEE D v AT AMERRIX % Fig. 4.2 (2~ d, SEEOBRENIIX3.6 VDY
F U LA A A IEM (LIR2450) Z HVy, DC/DC = 73— % (HT7750A,
Holtek Semiconductor Inc.) (Zd& VY 3.6 V% 5V ~FET D, 5VEZHINSND &
‘74?E”ﬁV7%ﬁﬂ@L//fV?%ﬁﬂkbﬁﬁyfy?ﬁﬂﬂDA@%@iéo7ﬁV

DOyt EzE TV T = OGO RHEIZE L7t &EE T P 57292, PIC v A
= (PIC12F629, Microchip Technology Inc.) Z#5&# L T\ 5, 48 2 7 (i3l

EEMAHESNTEY, ZHUTPIC~A a2 nbA (5V) 2xa— (0V)
DIFHE —EREZ LICATITHIE TR TOF L X720 B2, &
RIS HEIT S Z LN TE D,

~A 7 aR T EBREV BT OME AR ) 2= T AONERICE
IELTHE®D D, v a—rTFATEREZEIELIZRICNEDO ) F U LA 4T

R & R TR T%éio’ﬂ% IVA YL AFREIC LEHEHaALVE
n’?ﬂ%lj;/uf:o ik, EEAELY a—2 IATEIE LB L NEOED
FELXAREE LT,
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Wireless power transmitter

DC power supply
(5V)

Li-ion
rechargeable
batteries
(3.6 V)

V

DC to DC
converter
(3.6 Vto5YV)

Dye-solution descharge device

—_——— ===

Tx coil Tx circuit
e e ]
 m—
Electromagnetic induction
I Rx coil Rx circuit
I . Micro .
Micro controller

I pump

Water proof case

5"/ fAk \‘i
A ~

Fig. 4.2 System configuration of the improved ink discharge device. Reprinted with

permission from (34).
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4.4 HEERKNBOERESR
441 AIRIERA VO FERT B4 o0KRK T

A 27 OBHNTEER LA ¥ 7 T L~ A 7 R 7 (SDMP302D, FibiE
[LERKSH) ICEVITO  Table 4.1 I~ A 7 o R T DFE LWMEREE RT,
JEBRSA Y7 T LADOR L ANIEEBRFOEM - fRICKV XA VYT T 0%
BESH, iR E —HRICERT AHEHEATH Y | JTEESR T ORENZIE 250 V
MR E 2 BENLETH D, Lo, SDMP302D (357 £ [ % P L C
WA=, DC5V ZEHIINT 57200 TR 7 NEREId %, Z ORI HIEE
FROBHEBEINTEBY, it (5V) 22— (0V) AT 252 L T
oA AT YV Z OND, ZOR T OEREREIL 3 mL /min TH 5D,
L2, ZOFEETIEY Y U =DERO A HAIZIZZ T E D720, PIC v A1 =
CEHWTHERES 21T o7, BWEBTR Y04y - 7290 K25 2
LR D HEEEEE LS A LY biREA DR TH I ENARETH B,

&3



Table 4.1 Specifications of micropump.

Item Specification Remark
Pump Piezoelectric
system diaphragm type
Standard .

3 mL / min
flow rate
Standard
pump 40 kPa
pressure
Dr The pump is driven at approximately 250 V

rive
1t DC5V+5% using the internal boost circuit.
voltage
8 Operates at approximately 30 Hz.
Power ..
) S5mW /120 mW At standby / When driving

consumption

25 mm in width, 25
External .

. . mm in length and

dimensions i )

8.2 mm in height
Weight 6g
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442 ZERPRANEREEEEBTE

PV =D EA->THITLIRES - EIOEBELFRET L7202, D
SINSWEBEBEIHOBERE WD Z B3N EL 725, Ll —ﬁ&“E’J ThE
WEMTHILULD D1Z EBEREDN DR, EHEOBEFMNEL 2o T
LE 9 EDHRIZENTH U = @%ﬁ?%ﬁ%ﬂﬁwﬁf3o EEDDD
ZENRGHoTND, LT > TEE S RIKT S 30 0FIIBREI TE 5 X 51
RFIER 5720,

ZZ T VT T LA A FBEMLIR2450 28 L=, UV F U LA A BT
MEREN B2 ETETEETITNIZEALEZZNEWV I REZFF> TN D
T, EENNR36V EEWTD, R T ORENIMLE S Vi ﬂ_}—ﬁ‘é@ﬁéz
BAFLRT W, RFICHBERELEZZELTHATL LR TE, 17
1R 7 OB RIRERERT S | KRR & 2o, 7o, REMAEZHHATLZ &
T, BMMOZHROVEZ 2 L, BTV av Ry T 4 7K HBKA]
REIC L7z,

T, BEOEENCIZY — FAA v F (MK24-B-3-OE. Standex-Meder
Electronics, Inc.) ZfH\WAZ & & Lim, ZiUIwEA#SO ) — KA A v F T
HY ., BAZEDST T DMITERD AN T ., BA L BT & EmS s, #it
BT A Y ) a— TEE L EDLEBEDO Y — RA AL v FHIZESE S
BT &, BANHE, EE~OBEBRMEENIEE D, EREHGT L2 12
YT EGIE, MAERET 2 & CHREAEB ST,
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443 SFEEDC/DC av/I\—42 LtREfTgRA<T/aY

(TR Ty~ A 7 a AR T OANNEFEIZT SV 2eDITx LT, HEEERE)
%ﬁ&bf%wémemiﬁﬁﬁF36VT%é LR -T, <A 27 R
YIS ANTDHENT 3.6V &2 5V AFIETLOMEN D D, AREE TILPFM 27
v 777 DC/DC @ /3—% (HT7750A. Holtek Semiconductor Inc.) % F\>»
THEZ#1T -7, Fig. 4.3 \ZHEREORIEEEK %77,

~A 7 R T IIEAEGE 3 mL/min TH Y, 5V ZHINL TR 7 % BRE)J
HE, ZOMETENET S, 72720, A48 THYVYZ 500 mm x 500 mm D 7KAE
(23 mL/min Dii&ETA > 7 ZHH LT 2 &, 10 2R TKIERNEERICA 7
DIRN>TLEW, BRI TRETIZEINDA 7 ERFEZES A 7D
XENHOXIZL LK 2o T LEH, £ T, HERKANIISZ7aar e —F

(PIC12F629, Microchip Technology Inc.) ZHHAIAL, EDOH DT 42~ A 7 1
R T OHIEE SRS, MEZHEI L7z, Fig. 4412, PIC~A a2
ELE%®E%§%m¢gMCV4:y@®MEy%$yywmﬁﬁ_FK%
EL, ZImbAiLiond (5V) hre— (0V) Z2~vA 7 aRr 7 OfEE
FRRNEANTHZETAH AT EOV KR 5D, A ENTHIEE S 0.05 7
fe—, 0.5 BENAZATITHZEI2LD ., A7 ORI H it & %2 5
0.3 mL/min £ T FiF 7=,

1NS5817

O— - +—O

155V 100 pH SV

HT7750A
Lx Vout

@]

Z
| 47 uF & 22 uF

777 117 777
GND GND GND

Fig. 4.3 Circuit diagram of the power supply circuit. Reprinted with permission from
(34).
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Fo, KT ERH N TE DL L91C, BRIZFEELEEFEFORETPIC
A AONEAEIICT BT LE2EZATLZ LA TES ICSP (In Circuit
Serial Programming) M =11 7 & Z HAIZAE L7z, ICSP A D[EHK & LT PIC
D1, 4, 6, 7. 8 MLEMEMIIL, B ED 6 B~y XONDHDIZ
P LT\ 5, £ LT, PICkit2 (Microchip Technology Inc.) D =17 X fifi~4k
BHRD 6 B~y X EEG L PIC v A 2 ~T s T hEeEXAT, 7B,
4 B2 O Vpp ITIFEZ AL 12V OBIENR DN DT80, Z 0N E AR O
DA FE A~ L RIE S 720K D . Vpp i1 & Vdd i 7O REIZ 10 kQ OEHT %
e, BIRAZIREL TV D,

O PIC12F629 — VoD >
5V ’ . ENABLE >
¢ VDD VSS GND >
" , MICROPUMP
—{ GP5 ICSPDAT
10 kQ

3 | 6pa IcspoLk -2
4 _1vpp cp2 -2

777
GND

Fig. 44 Circuit diagram of the microcontroller and its peripheral circuit. Reprinted

with permission from (34).
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444 DAY LATEKE

~A a7 L BEEHEMSSZE OMEBEIL Y 3= T LONERICE
IEL, E®DZETHAKRTHFHEEZRSZ EE L, v a—r T ATeEE
BIELZRICNEOY FU AL 4 REMEZIEMTRECE S LT, HEilE
WNERDIEIFIZ T A ¥ L AFEFE IC (LTC4120, Analog Devices, Inc.) & B =21 /L
PRIIANTE, T, Bk L7-NEOEMOFTREZ A[REE LT,

TAYVAFRBEICIZKDFRE TNV TF VLA T FREMOFRETA L L
TIT M) 72 CCCV Fe& (Constant Current Constant Voltage) Th 5, ZiLiEdH
LEFEICETLHIETIIEEBRCAEBEL, REBEICELLZOEBEE—RNER
D, ZINLERBEBNPEDIZIEERERK > T HFIETH D, EFICEELE
B3 1.0 AfHEr b B4 L EIREAME T L TVWE, 0.06 A TIRIEFFEEL T &
75, ZOWETEEDORIEZHEIL, 7V v MESRICIEE L, [RIEEHENR A R
ELT7z, Fig. 45 \ZBHE L 72 R A~ T, EHT A EFHMIXTE R0 W
ARXD/NENVHDERH LTz, £72, 4 BEROREICEZNZE S BLE L.
TEXDHMROEHOEREL FD D Z LT, HMEIEERO YA X3 348 mm x
374 mm £ T/hEL 20, P T=0FWFICHEDL Z LN TELRE ZDE
PRI EBUWET H Z EMTE T,

Fig. 4.5 Circuit board of the ink discharge device. (a) Front side. (b) Reverse side.
Reprinted with permission from (34).
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4.5 ZFEERKINERDIERK

451 AIEIERA VU ZIND %iKETD

RO S M & AT DA 7R, KIBEEMICEE R teEThH DL —
2 6G KBREMEHT 2, ZOWKEITO TR, Fx v 7 TEHIET
T 5HE120mm x BES0mm OF A v U WEFEH LZ, Fv v 7 EICIELIRT O’
frsd & L THWTWZ AR A RO S 7y 2 BE A THOIAA TN D, fEH
BFIXZ 202 A v 7 R EEE AR O A o 7 BRI T 22— 7 72 LiAA, ¥k T
Lo ZOWITOIZK 12mL OA 7 iRz FRE L, AU ERZITo72, £D
T EBRBIAA D 30 % b A 7 AN ST A v 7 BB TE I,
mﬁ@ﬁh BWZETAIATRLFRLOET A I AT TH U H =05}

W% A— 2 U CHREE L7 BhiE T 30 o[, iR Fmzfnc& e, 20—k
T, B EINTA > 7 DR 2KERERICE ST > T 72, KiEEZET 4
AT TEMNOIRE LB T, KEICEROHRNEL SR> TLED
EWVO BN S -T2,
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452 A4 2omHA

121 TR LI, VU T35 A2 24612 3 K0, &6 AKFfo T
5o LTemo T, N SN AEPNIELAIZEFH 2 0 b, A 71Tk
HWEFEDO R EAT HIZIX, 2O 2 DITDZNENOHENCA > 7 BNt S
HEITTHREDNDHDH, D, —AbICLoTHBINZTe h¥ AT
TlE~A 7 a R 7TOHRHOICER L F 2 — T 2 R®P CXIHT, 2nE
NOJEERS Y T =OFEMTICEET 5 X ) ICHHOKHAZRIE L, B =
— T =7 TH Y =DM ICEE T 2 FiEEZ IS TV e®), Zokin
WIS BNCERA S A T F 2 —T % U TP 0 i TERLL 7228, B =
— T =T EORENHL, FERPICHPNLTLE Y EWHIMER -T2, £
T, KW CTHWEEEE T, Fig. 46 (R TE972 U FTTF 2—7&H7IC
B LI, Ta—T7OMEZE&RICTHAZ LT 7T —7IMHE LT o,

I, A7 AR EZY T =08 MmEICEET 5 FiEEami Lz, &b
SR ZREEVET, BREEERIC L DEETH D, L, ZOHETITIERK
THRICHE O AT Y =008 BRI, BE Lc#EERE, T4 72 HnTy)
DEESTFEM 05, F72. VU A =OEMEIZEE L7 E5R 0N w2 TR
ETERY, —J7, E=—AT =7 TlE, KFIZLDERIZ, 3 <ICHBNT
LED, £22C, E=—nAT—7 X0 NG N 2R oM LT —7% M
WTHIH D2 Y T=IZ@EET 2 EER LI A, KIKRTSH 1 RERRREE
BEREBEZRHOZENTE T, T T, AT —THHNTA 7 RHno
BEZITH>Z L& LT,

Fig. 4.6 Ink outlets. Reprinted with permission from (34).
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4.5.3 [EIFRABKT—RADKRE

VU a—r Ll EORBIEMEIEZ R LIALVTED D Z &2, Ry T 4
7 ERES, AR T, Ry T 4 7 HOY Y a—2 3 NI KE3475T (B
FLEKRASIH) Z2HWE, —ERy T 4 T BT, VFULA A4y
aA UREMMEZNEZIND HEMANLL OB Y a3 —2 T LN ANY A,

B LR R OMENEAE LT, £2T, Ry T 4 v 7 &7 pICEEET R
X “/Tﬁ%ﬁu CW-2400 (ITW Chemtronics Inc.) ZEMAENLZ DT T A EME ~ A

AERNEE Y B E B LT BB R X USRI O & fERE L7214,

LW%%%%V)ﬂ—Vﬁﬁﬁ®7—X(Mm@ﬁ@ﬁ)75—2)®¢m
A, Fodicv ) a—rv A hERyT 407 Lz, —EICE2TOHmNED
NAEINIHR YT 47 LT LED &, EROBELIZRERID D 0D 120, Ry
T U TVEEITEEENI T, HEERICE L L TV D Z & AR L7 BRI
BAENRZ, VAT MEIEHAA v FLUNOE D TERIZT Y a— 2 AL TH
DITRIETHL L TWAD Z LR TE R, 7 — xﬁx%ﬂ&@%uﬁoit
BEo/evVa—rITamdb, RERESETyZ—F A7 TRYERE,
INROFETREE LD L OIT LT,

SERE L7 % %%mgmrmﬁyﬁ%®¢&iﬁmXﬁm5xméMmmf
BEITHK30g EleoTz, HEITIFIE L &7, EBRICHWDRHICIZEED
R _§<@otx&4m7w AR AT TR L, T okE
WY A= ’;”ﬁiéibﬁf:é: A, BRIZFICHITL T, EHI, HEAZYA
STV =0 ICEEEKE LA, VU T3 Ccim 2 - T %

InK reservoir

Ink discharge device

Fig. 4.7 Ink discharge device. Reprinted with permission from
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HE O L T2T8E R LT, Z0Z D, P U T2 ETEFX—3 3
VIETR o TWRWIZ EWRENT-, BEICHITT DY Y VT =0f78) % fil [+
TN, B ENERE b T o EE AR T 7,
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46 AEDFED

WU H = DORBERBATEOMADIDIZ, BRIZAHITL TV DY) T=0D%H
BT A 7 2 L, BRI A2 m AT S E AR L., 20
EEIIEEUIAY 7 T2~ A 7R T E#H L TRy, A bHA v
T 5, VFUvAAAraf oEEmeRH L, ENBIZUA YL AK
BHREZR- Y, ZUCEY | EEEEE V) a— T L THEY, PiKkT 2
ZENHREL R VU T =N EaA-> TR HREICEEOERE L X4t
(NS FTDHILERTE T, £o, BITDo, A 7B E7 AV DT
ZDOEBIZE D KOWBE L, ik y, EEEL YY) T=IcHFADLER
BT, 300 ELELTA 7 ZMHTE D L DI o7,
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F5E

BEERTHROY Y H A
Ve BIE R D D EE

51 [EL&IC

B4 EIZBWC, VU T =05MEICA > 7 2 L CERZ I T 5
N 2 7 R E AR L, E O A RN, RETIEL, AR LEEL
PFY =T HEBDLE T, KEOH RN L LTZEEDOBWERE L TV D H
DOV A b L, GLdk Lo R Ak~ 2%,

AREORPETIX, BARICBIT D2E8EENMHERT AV A3 Y = (Procambarus
clarkii) \Zxf L CHEREZT TR EZBRD, EEZERASTLT AV AF VT
SIFMERERITHZ R LTV, Lol P T=Zx L CEENRRE LS, 7T
FUL S NTMEIRUSMIY U =00 R34 R ZRR&E LIS W &b o T,
LR ERRATEN Z AT 5 72 DIiX, RO G M7E T T, 2ok oW
UH=DHEFEGRI LT, BEEZRT LI ENEELRD, £ZT, TAY
APV =LKL KMO T F2Y Y = (Pacifastacus leniusculus) %A L7z
BIEFER BATV, RO & Z DR 2 IR THEOBEZBE LT, KED
BT, vFAFY =2 HWT, EREHEZ LR LR RRITE R A
IToT-fERIZHOVWTIRR S,
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52 FAYAWYVHZZRAW-THHEEDAZE

52.1 ERLEYUHA=

FBRICIL, B E 35 mm BL EOREE 6 ILfEH L7c, T XToHY =
X, WERERILTOEESFNICH 2 THigE Lz, BEOT A Y BV =
EIET S L. MR 20 CHBGIC LY . Ko/l Bi7e & OB
ICREDRAGND Z ENZNCO Y T =DFEA D4 T % Fig. 5.1 177,
WU H=NEE G EIRE > THEIRZ B LT, KRR TR 25 EBRIZMHEMH L7zl
crayfish 1 725 crayfish 6 £ TDO 6L TH S, ZDH 5, crayfish 1, crayfish 2,
crayfish 4, crayfish 6 OV U =|ZIIfFEBEICKER R S ienotz, —J5,
crayfish 5 1%, ZZAIOH 4 By O Feim23 81T v | crayfish 3 IX/AAMOF 3, 5
FRIRE 283 s B I T Tz,

WENIV Y =% 1 BT D), =T b—y g v &{To7/KCEE LT
W5, KIENOKMIZ, FUT=OFEFRPKPIZENALREIZL TS, Y
T =IFHERMEDT D, KFEICANTKERESBD, FEREIT O ANTITMEE
HMZRT D720, KIEITEENFE LR D =V OHRANTEY, Il D
HOIFANTW e, HBESEEIX I BREE L, RSN TWAEYT Y =]
ZeAEIE] S RIS 10 RIFRE G- X 7o, K¥RZIL 7 RIZ 1 ERRE & Lz,

EOBRR AR T 720, ERANITAERIIMZ 7 AR E L, £/o, #iR%
O ICEEDOIRBR T HZ N TERNE T, FRIZHWDHHRTE LR E=—
NT—7 THE->T-HR L CIRROEHAEE -7, VU T=ZxT 5 n60%E
BRAEMLER T, SCITARE CiTo = U T =DBIEFER L Rk TH 504,
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) ; Antenna
First —— . VY

thoracic appendage Antennule
SeEAnd Rostrum
thoracic appendage
Third
thoracic appendage

Carapace

Fourth
thoracic appendage

Fifth
thoracic appendage

Fig. 5.1 Morphology of craytish
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522 EEBROEY TV T
AEDOB N2 AN LI OERNZ L, B EERE OBRIC - 2 TW A HTIRO Y Y
H=Dtf (VU H=, Y BV - h=Df, kXEStxa—V ) 2EH LT,
i L= BWRIR O H & alfb T 5720, REAGAETHEO L, UTIC, 1F
BFNEZ 7~

(1) %2 1.5g BV -S> T, A TT VD5 L, 300 ml DA /LFZH 72K

WAL D,
Q) ¥~ R F v I AKX —F—"T 10 pEHEHET 5,
(3) B LRI E AIRT 5, ALK 55 200 ml 2 HT 5,

(4) Z ORI 200 mL (2, RN 1S g/L &2 L) ICEMRGAEGE (T
fFakAatt) & 03 gz iz,

Fig. 5.2 IZEBRDOE® > N7 v 7 %2R, EERIZIE 500 mm x 500 mm D7z B KA
ZAEH Uiz, V3 28R\ KIE K 2 KA DY 100 mm (272 5 F T/RFEZ A7z,
IKFEDO R IZIE, Em A AKFE DL D 30 mm OE IIIKD LD ICAT VAT
2 — 7 ZEE LT,

Odor source

/
/

Ink discharge device

Crayfish /' \N/ L o o e ol o e o = = -
Q‘Q&
036
k
500 mm
< >

Fig. 5.2 Experimental setup of the behavioral observation. Reprinted with permission

from (34).
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Z DOKRFEDOH TR U I =23 RO i 18] 2 Kk & 72 05 10 0> B SRIE T
X5 & DT, Fig. 53R T L ICkEAHT 7 L— A2 HELEC), Zo7 L
—LDOHFRDEIT Fig. 52 \R LTeKEEZRET D, BY T=01T8 %58k
HET AN AT, KEOMS>OME & FH B 5 EHTICEE Lz, 2 Eho
AT, HBENICH &9 EAREEERREL X)) IcEAERHE L ThHD, 7L
— LD TG 2B HDOROZENZIT LED JRIAZ B i), 207000 5kl &
o3 ZLT, m—4 Y 6G KIEERNENEZTRTLIICLTND, Kl TK
S LA EHOH AT OBBIZA G720 L 912, LED B0 I 2R T,

Camera

Water tank

Fig. 5.3 Schematic diagram of camera frame for behavioral observation from all

directions. Reprinted with permission from (37).
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52.3 EERFIE

FPT VY T =AEEBE RS U, 20 R/ NDKENIZANTES LT,
IKFEZAE S T2 KDV E D D & Fi o T2tk BV O K &2 BRtG LTz, h
HPEEIL, 0.1 mL/min & L7c, F o —7 %m0 oM S BWERIL, KX
DT NTEENED T, KIEIZILRE LZ, KIEIZIEA THE 724
VETIR OB, EAD ZH0IZH 100 mm & 72 > 2R T, U =%
IZAKRERNIC AN, EEAEE L7, 20Kk, LOOET A I AT O TR/ O
2 & D72 —BH L, PRI Z ST 7o, IRE L7l 2 T+
HERIE, A 2 T RE R 2 FEBRBA AL & LTz,

P T =BKIEDOHFRAZH DB WEROIRIZTE E D EE, ZDHT leg
raking Z 7~ L72 R CRIWRDOIRR IR LTz & B72 LT, 2 D leg raking & 13,
121 LT 3 B ONESe, 1, F 2 ATHERWT, imclE 7%
WOIRE D LT HTHC, HE2ES 5 LT 21TETH D, HREKOHIFRIFRIL,
30 ofl & L7,
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53 TXAUATFIH_OTEBHEER

5.3.1 Y1) = DIENENHS

6 ICOHY H=IZxf LT 1 BT OEREITHHER, BRTOYF Y H=753 30
IRRETHWORIIRICERE L, B T =088 % Fig. 5.4 7°5 Fig. 5.9
(T, KR ORENL, 2EE Lo & Bim T o~y — I — &5 T b
NERL TR, BATEHBHOY Y T=DEz 1 T EICiekLzbDT
&%, crayfish 3 ZFRWZIZ & A E DR EFRERVIME B HEZEID 5
IF A oW T D FEIA 22 H1% V0 BRI M 2 fic ) L 722 208 B B W RO J7 [ [A] 7
oS THEAE LGS, RAEHNZBWIRICEE L CEE 2T TE 2 72, crayfish 3
DI, EBRBIAN SKIAZ T S0 2 LN DHEERICE [0 | %730 L
= E FHWROEEIE SNz L ZATHWICR DS XA ETITE 21T > 72,

500

Fig. 5.4 Search path of crayfish 1. Reprinted with permission from (34).
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A
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100 54 %3%
w Positionat 0s  *wg g4
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Fig. 5.5 Search path of crayfish 2. Reprinted with permission from (34)
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Fig. 5.6 Search path of crayfish 3. Reprinted with permission from (34).
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Fig. 5.7 Search path of crayfish 4. Reprinted with permission from (34).
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Fig. 5.8 Search path of crayfish 5. Reprinted with permission from (34).
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Fig. 5.9 Search path of crayfish 6. Reprinted with permission from (34).
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Fig. 5.10 Search path of crayfish 5 in 0-150 s colored by the direction of the jets.

Reprinted with permission from (34).
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Reprinted with permission from (34).
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Fig. 5.12 Search path of crayfish 5 in 300450 s colored by the direction of the jets.

Reprinted with permission from (34).
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Fig. 5.13 Search path of crayfish 5 in 450—600 s colored by the direction of the jets.

Reprinted with permission from (34).
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Fig. 5.14 Search path of crayfish 5 in 600-800 s colored by the direction of the jets.

Reprinted with permission from (34).
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Fig. 5.15 Direction of jets generated by crayfish and its heading direction that were

obtained from the video data. Reprinted with permission from (34).
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Without Device With Device
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18% 48% 19% 67%
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Fig. 5.17 Images captured by camera 3.
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Fig. 6.1 AR Drone 2.0 Power Edition, Parrot. Reprinted with permission from (44).
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Lithium polymer battery

Fig. 6.2 Onboard parts of a quadcopter. Reprinted with permission from (44).
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Fig. 6.3 0.4 m quadcopter hovering at 0.8 m. (a) Model of this simulation. (b) Top
view of the computational domain. (c) Results of the simulation showing the airflow

distribution on x z plane. Reprinted with permission from (44).
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Fig. 6.4 Model for simulating the flow field generated by two quadcopters. Reprinted

with permission from (44).
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Fig. 6.5 Two 0.4 m quadcopters hovering at 0.85 m away from each other. (a) Top

view of the computational domain. (b) Airflow distribution on x’z plane. (c¢) Airflow

distribution on xz plane. Reprinted with permission from (44).
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Fig. 6.6 Setup for gas detection experiments using two quadcopters. Reprinted with

permission from (43).
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Fig. 6.7 Gas sensor response when two quadcopters flew from A; and A to C; and C;

through B; and B,. Reprinted from (43) with permission.
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