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HEE - f5E - P A—)iEED

[FZEM(FE) : flagella JOFUTFARAE)

Filament

BiZEY : flagella/cilia (#E/HE), 7 X —/) GES)

BT (ER)
Ishimoto et al. (2017)

##EDR (unpublished) HmEk(J >/ {EK) Aoun et al. (2020)
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<1V 0ORRAY—(microswimmer) : iRz B S HEE T D 51\I4E

biological swimmers [

*%?_ (M) B Hmmik(J > /) (EK)
Ishimoto et al. (2017) (unpublished) Aoun et al. (2020)

artificial swinmmers
eqg. XA O0OMRY b « VXAK[F - ALTHEEE

Maria-Sanchez et al (2016) YouTube@ETZ Soft Material Sanchez et al (2011)
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. Reynolds#il (18155 vs #htEh)
Navier-Stokes pUL

R="""

1 u
%g +u Xu =—-Vp+— Au
Newton-Euler E @\
*lﬁ-

E boitzik YD (FRa ) Dikzik

(U=1m/s, L=1.5m) (U=50um/s, L=50um)

R ~ 10° R~ 1073
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The third is --- that the flying arrow is at rest, which result follows
from the assumption that time is composed of moments --- . he
says that if everything when it occupies an equal space is at rest,
and if that which is in locomotion is always in a now, the flying
arrow is therefore motionless. (Aristotle Physics, 239b.30)

From Stanford Encyclopedia of Philosophy

DO YOU STILL CLAIM THAT THIS

ARROW WILL REMAIN STILL

WHEN I'LL LET GO THE BOWSTRING.
N\

_
14440720714
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Navier-Stokes StokesFH IR,

1
%g+uXu= —Vp+EAu —  UpAu = Vp

Az - IRFTERRE

0¥ Fel Bz B XS FR T4
TNEREREICEE D - EEMNEKSIRUN

Laminar Flow Demonstratione

YouTube@UNN Physics and Astronomy
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IRt Reynolds#i
U|surface = Us P = pUL 1
(no-slip BC =Dirichlet) u K
TS EMBIRE(Elastohydrodynamics)
EEDLZINES S |EE
MARDERR AR E
T BRANBIE & T B _ ,
l + BEEEIET S Us=U+02xx+u

Fluid-solid decoupling (at low Reynolds number)
ZR 7 BRAIBAER & U T WA (A ) &g % kb B
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EHFVIL 5 + (a”i + a”f')
LT 1 0jj = —po;j + 1
uAu —_ Vp Y Y aX] axi
V-u=0 09 _ o QUi _

an axi

u=us=U+02xx+u
+ - MLOZDDOHHBL

Fi = al--n-dS =0
Given: YIMAZER(ERE) ﬂ 7
Solve: Stokes/SHEat+ BIGGEE) M= || cpuyounds =0

= ud (B Y7 LIRS

T — HIEb

Stokes Equations Active Boundaries
$SHZPDE - 185 ERIEE M + 2T
B R R S R BENE RIS
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Purcell’s scallop theorem (R ZEEHR)*

*1EE S (reciprocal motion)T(&
MEYIFEENTETIRN

(BREDIEMATREESEDH TELICRD) *3 s
-vp + 0 = PR+ P(DYF

Navier - Stopes :

WENDEDICHT SRENEHR 4 o,
MARZEZXNIWEDOIFENONS | ?

Time doesnt matter. The pattern of
motion is the Same, whether slow or fust

whether forward or backward in Fime,

The Scallop Theorem —
D

E. M. Purcell, Am J Phys (1977), Ishimoto & Yamada, SIAM J Appl Math (2012)

G. . Taylor Lecture on Low Reynolds Number Flow @ National Committee for Fluid Mechanics
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RO R kR E DR
/'\ 52
xs =X(t)+R(t) - xp (a,t)
€2 ~
X(0 N MR EDIEE
“ u,=U+020xx—-X)+u
(e} : IEIEAEIESR v
(&) : MRS o
(DA ICIEEHENDD=V—EHHE) —- = OxR
DDRERERDZE . , d
2 DDEERDEELT TREEE ' = '%

IENRZT N X & [BlER1T5] R = E &
WARR ERED ST 5> = 1 IR EEEX,, (a, t) CiEE

Ishimoto & Yamada, SIAM J. Appl. Math. (2012)




LorentziH 5z EHE

Lorentz®1HRREX (reciprocal theorem) H. a. Lorentz (1906)

B UYIMARE S TRIRDIRFRFZHF=ZHED S
2 DStokesTII2INDfEF @ (u;, 03;) & (1, 655) ‘

j ul-&ijnj dS = f ﬁio-ijnj dS '
S S ui(x,t),0;(x,t)

T

ﬁi (x' t), 6-ij (x, t)

GreenDEE ERF>SvILiRn

j (VY — YU) - dS = j OV — YV2$) dV
S |74

aO'ij _ aO'ij _

B2 UTNIRT > S LR : 72 = 72 = 0 ox; o



Lorentz®{8 5z EXEE

j uiﬁijnj dsS = J ﬁio-ijnj dS
S S

u(x, t) : EPFRODDRNIE '
{ U(x, t) : HI{AEE)Z T DYMETHD D DRNIG 5
- | 4
YIASRTE C DIRFR 4 2 (x, £), 61 (%, £)
{ u=U+02x(x-X)+u
w=U+0x(x-X) B EH (integral theorem)
Fi — Mi =0 = Uiﬁi + QiMi = —J u{&ijnj dS
S

BIAEEIDE D DFRAIGOFRERNT, SRUWEMDEE ZRHDZENTED

Stone & Samuel, Phys Rev Lett (1996)
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A

Ui i+ QiMi = —J u{&ijnj dS
S

oD EE - fl = —51']'71]' = Zijﬁj + Hijﬁj 5ﬁ4$jj — }-&}ﬁjj + }Eﬁjj
B>Vl Ti — _:}Cl](u] + j;vipI'Op
(HZARD HDEAER) .
U
Ti == ui =
= (Ki' Cf‘) HEED - HEE NILD (M) (ﬂ)
JooNG o Qi
prop _ ( FPToP
F - (Mprop) DDHULNDEHFD
Kij = j 2;; dS H & TOWEKRE
s

— -1 prop
0y = |y ds v == [ sy as = 0%,
j = Lj S
S

Prop — _ he
S

Ishimoto & Yamada, SIAM J. Appl. Math. (2012)
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EE ((HEES)) £MH0, T|THEEE Z I D E(E, XOBIIT/ESHRESE
;M gt): [0,T] - [0,T] B’FEL g(0) = g(T) = 0D, FAREILR
xy(t) =xy(gt) ZEHZITZETHD. XEDE TZZERDOEEE, HDUL\E
FEEBORHAEMN, ( [17&] Of2E 118D | OO AT T DIFE)

EHE (NIZEEE) BIEENI N TER TSI ESE, NN A TOTEES &
INE, KR TTYEIDOMNEICHEZZH CRICRED. 3105, X(T) = 0

< < FARINS A =5 s € [0,1]
TS IO DD AT VT g: [Ty, T] = [0, Tp]

= g(Ty) =Ty, g(T) =0  s() =s(g(®))

Ishimoto & Yamada, SIAM J. Appl. Math. (2012)



BEEHBRVNMES  HIR/ISA—F:5€][0,1] < <

U= —K($)™ fy S22 5(s) dS =1 L(s)8

g(Ty) =Ty, g(T) =0 s(t) =s(g(t))

T To T
v=[vae=["vacs [(vae
0 0 To

To T dg
:J L(s(®))s(t) dt+j L(S(t’))s'(t’)adt (t' = g(t) EBLVD)
0 To

" . R c'
=f L(s(®))s() dt+f L(s(t))s(tHdt =0 é
To

0
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[BEEHD B —DESEE &> EBITH UV

U; = (g) = (KD FPP

/ dR
FPOP = — [0 ui %y dS=—[; Ry (

X dS — =
)k kj 1t OXR

dxm
dt
SEBAD AT Y F

1. YMAEBIZR TEEE L CROMISEFER DS :

d
(R (OU(E) = R (€YU (¢) dtt R= (ﬁ g)

2. Ruc = RyAp TEDHB A [SHUT Ay(0) = Ay () SR

3. ERABICRy, = R;j4; DR ZED U CR;(T)VEEETJ.
Q)DBEFAZEERL, R;(T) = 6. AHRICX,(T) = 0.

Ishimoto & Yamada, SIAM J. Appl. Math. (2012)



Art of Swimming

Q. which is the best way of swimming in the microworld?

YouTube@0528hidel

=

(a) glide kick(/VZ2) (b) breast stroke (k=)  (c) dolphin kick

scallop theorem e ,

human sperm

YouTube@Guasto Lab @Tufts Ishimoto et al. (2017)
Chlamydomonas (5= REFX)




RiZREEDIEN

FEEBTIRVER
FEEBDAARINS A -5 1 s€[0,1]
B OBERE. DEnEE) s € STTHNILEEKA]EE

&1z R L0

(—HRIC () {FEEENTH U~0(Re), Ishimoto (2013)
212U, BN TR/ EEEB DS S (C(IBEDRe N E

Phshe
AFIDPIED DN R AR R T TR (— A8 (C (3 HEEEN T/ SR
JE=—1—bF2H

(—HRIC () NIZBEIR (IR D IR0,
ez U, #EFZMaxwel AR T (3R D 12D, Ishimoto & Gaffney (2017)



Bl : RDO9—<

RARDVID—IETI
ZRSETRERE (&> THKT ZHIRETIL

MUNZE RIS
EREROSRIERIIRADODT—Y
U; = (5‘(_1)ij7:jpmp

S(t) = Sy + €S1(t) + -

Bl : BRI T— {wmwmwﬂmﬁm

P,(x): Legendre ZIET

ug(0) = 2 B, V. (cosB) .
= AR U = 2B,

Lighthill, Comm Pure Appl Math (1952); Blake, ] Fluid Mech (1971)
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Stokes A IENDfE

Stokes B IETNDEARAE 4
—Vp + uAu = —g 6(x — xp) 2\/
\/

AR—DZL Y K ., 56
(A= X148, Stokeslet, OseenF>VY)L) /\
w0 = Gy 20, e —

Gij(x,x0) = —— (L + )

8mu \ r r3

r = (x - xO)il r= |1"|
IRFREDRR tomEr@ZEs 340t &

wy(x) = j G (%, %6)g; (Xo)dS,,
S



I)Ibniﬁ o) E*"TEEﬂ

ZEREE MEBEROERESRZ0ELT. TOADTT A S—EH
ui(x) = Gij(x, xo) fS g]deo aGij (x xo)f 9gj (xO) xokdsxo + ;Z—C;iil(xi xO) fg g](xo) xokxoldsxo +

0

Gi
= Gy (x, x)M® = 22 (x xo>M“) T (a, XM+

A N—ORZEHE : GP = aG” = 0(r~?) \\\W/ &Wg
2 N—DRMEM : Gy = = 0(-) //%]m ?@l@

1+ NLODDDHBLDEEL DM].(O) =0,
MP ORI Oy v b, Ay TLy b, B0 =0 (J k} J k

MIRETOSREGM OO L —ZL )RS €2V _Roe

(ZRLALY . SHHE) TRES ‘j f* w f

GS. = _ Tk .._|_3r"rfr" pusher puller

ijk = T3 Oy 5 CAEE:L) (TILE)

l

/lll
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” Stbkeslet

u (Um/s)

250
200
150

100

Volvox* Chlamydomonas*

* Drescher et al., PRL (2010), **Drescher et al., PNAS (2011)



Bl : ROD—V

—E =40 12
Zalj 71':] D@I)Ibhiﬁ U*ez e |
ug(6) = B;V;(cos8) + B,V,(cosh) » éeq)e

0
2V1-x%2d /
{ Va(x) = n(n + 1) dx B, (x)
P,(x): Legendre polynomial \ v

ﬁz&]&:XUU—VNEX—Q—
f = —3: pusher g = 0: neutral = 3: puIIer




il : /FFHOHDODHEN

BEME =4 (1%MC)

=
V //% pusher+iEDiHiN :’_/_//.
pusher/puller% (@ R

TR DRI +HEDRN G

N

0
-0.5 0 x 0-5 0 03206

¥l 1915 (Epusher BF R 1935 (Epusher

Ishimoto et al., Phys Rev Lett (2017), Ishimoto et al., J Theor Biol (2018)
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IERERE(Boundary element method, BEM)
XRE & = AF(BRC)DE L CEEStokesSIER A E T 355

u; (x) =fGij(x;x,)Qj(x’)der
Feor = j q(x)dSy, =0
S

Trot = j (X' = Xg) X q(x) dSyy = 0
S

d
BREH  u=U+0xx+R-—2
3N + 6 JRITTOERZRRE input: shape deformation
N: REDEZRDE output: q(x),U, 2

Ishimoto & Gaffney, Phys. Rev. E (2014)
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Acrosome Cog?gé:éing Gaﬂ:ney et al. (20 1 1)

Head ‘ Midpiece Principal piece End piece
| | | ]
=5 um I =4 ym i =50 um I =3 um
(human) (human) (human) (human) S = L

I E (L 1 K5y
VAR R rex 1

I-..\_\‘__\_-H

g—

M/ NS A—4 s €[0,L]

—

R (s, £)

HERYFEE (slender-body theory, SBT)

Lighthill (1976), Keller & Rubinow (1976), Johnson(1980)---
L

u;(s) = j Gij(s,s")fi(s))ds"+ 0(e)
0

KO (resistive force theory, RFT)
BRI IR BE/ERR D H+ Gray & Hancock (1955), Batchelor(1970) -

u;(s) = —[ct titj + ¢y (6l-j — titj)]fj(s) + 0(1/loge)
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DR DEVINNE

Jeffery®fi# (Jeffery orbit)/JefferySIEI\ seffery (1922)

BE=ANS L uP(x) = U (%) + €327 x + EFx; + 0(|x]%)

u; 6u§°> 1
— . . EYX = — + N® = —T"xu®
Bl 4A ) i ch (0 JE B =5 ) o=
i [00) _ [0')
di = €;x027°dy + B (6;; — did;)Ej;d
EIETN iE1aal%N
@igi . = T‘j _1 r. 71/\00 I\J:l:- EJU::C‘:_B = 0. jbga)/ﬁr_iﬁ(c_'f}tj T@ﬁr@'%
r< 4+

B> 77mP TMERDBENRD Mld (SIFRAZEHI#E & <
fHRVWIMATIEIRN(Sa > ITmEDFEREINR <12D

Figure 5.5: Jeffery orbits for different aspect ratios.
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HIAFBF(EFRNICES DTS (FRFERE)

140FE LFTHSHIBN TS EDDED - Al
ANZXAFES <f@FEHMHLTULTZ /\
A B
= flow
AL
Movie S4. Human sperm rheotaxis in vitro. 7}".1“ e Human, visc.1 mPa s 0392
Miki & Clapham (2013) Kantsler et al. (2014)



Sperm Guidance

Eﬂéwwmuhb‘*ﬁ?r’iﬁﬂ FTESL?

Jumu(m Ampulla
Isthmus

bpmn reservoir

REBNBRAFEANZXL?

n=25
“/\/; -— Side Y7772 n=25

25 7777777777777 =10
1 N\ 10-50 [2777777777777777777777274 TH ~40
" \00-500 28— M v

d
Ca-free n=25

“IRESET (3 E DEREM GBI TENRLY oo mm e
Kambara et al. (2011)
Sugiyama & Chandler (2013)
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58 AEITIRDHEE RS fow
X(s) = (—aAcos(kz + wt),Asin(kz + wt), z)
)= [0 1+ (8) + (&) an s o e

Movie S10. Headless sperm rheotax.
Flow rate = 6.2 ym/s in uncapacitated

, conditions in M2 medium; 10x objective;
g, motion slowed 10 fold to 6 fps.
& Miki & Clapham (2013)
\,I\ =~ ~
S ~
\ ~
a<0:ELEE z AN R RIS
R N T~ ~
aZO:IPE}EZ \\\ : RN
L = ~ -~
a>0: 58S Y X NG \
M (g X(S) -7 \
~ s N -~
| =1 5EARK o Nl L
u - _yzey \\ // ”,’
N -

- -

la| = 0.2,kL = 3m,B = 0.2L,y = 0.1

Ishimoto & Gaffney, J. R. Soc. Interface (2015)
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Ishimoto, Tkawa & Okabe, Sci Rep (2017)
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Ishimoto & Gaffney, J. R. Soc. Interface (2015)
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Jeffery75iEXX
n; = Eijkﬂ;odk + B (5ij — ninj)Eﬁ;’dk
n, = const. ARGE : BEEICH I DIAN—TF NT

WD E{EH

O — P . (BEEICEATBEE)DEE
= —asln FND_ LR EHETE

4
a=7(1+B)n, n, >0 (BEEHSHNBEZ)DE =
ENDO T RBANEE
—1<B<I1

BkHZ(B = 0) DR N —CHEEKRDODEZEM

Kantsler et al., eLife (2014), Ishimoto, Phys Rev E (2017)



AD D= DEME

A 2
i‘iﬁ};(a'j X ug(0) = z BV, (cosf)
EmEfhAchE8mn—E(CR> TuLnd n=1
[REBANZL] TERMEZRY oy =T d
{ n nn+1)dx "
e P,(x): Legendre polynomial
. -
v a, \
' o L
z Z 2
L, 1
b
/17777777777 y 0
i -60 X
BREFACLDNRETE 8= B,/B, =9 (puller)

Ishimoto, Phys Rev E (2017)
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MEMIIEDIFE 1 ?

S TOHRICIZE(ER)DVEICER dmk_ARothschiId(1963)

BT (0T U T RIBDS < DM SREMNECFETS |
1EARE 4 (thigmotaxis) E BIFEIEN D

b

VS540O5w /U (unpublished) J\27 177 (unpublished)

200 im
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X:
*3  EAR-FIELD: STOKES-DOUBLET | ® 1 3 FAR-FIELD: STOKES- QUADRUPOLE
. . SOURCE - DOUBLET
j D I a D J I (Blakelet) STOKESLET (F) A soxesier (7
X2 o7 X2 v/
-
7
Xy

BARENFIET 354, N §oed e
Z |\ —_ 0 X l/ \y '\ ( gﬁ% HRO)X |\ —_ OX l/ \y |\ & IMAGE SYSTEM : ST?EES)LET S:T)SJE;?} Egggﬁgi) IMAGE SYSTEM : ST?E}E:?LET 333:5?? ﬁ‘é‘d’;ﬁé;
%O)%E*ﬂmgm%bﬁt\‘gtjﬁ (—2hF) (4Lh%F)

Blake & Chwang (1974)

=73 COiAEEER
Uy (6)
EVRE D ORNIBDOXREIAER ML AL W bDRNIZ(pusher or puller) % d
[

BIR(C L DRNIZ+effery SIZRN S EEDFE(C K DFEREZRDD l
EEME (CFAT/S ; f
BICHTEES 3p p > 0 : pusher=EEN55|7 L,X
Uwan = — 64muh? p<0:puller=ENSKH //////}h/////
AR BEFRIC KD EER
3p cos @ sin @ pusher=E¢HE (CFITHEE

[1 + g (2 — cos? cp)]

0 = — ‘
wall 64muh3 puller=EEHE(CEENRE

Berke et al., Phys Rev Lett (2008)
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Ishimoto & Gaffney, Phys Rev E (2013), Ishimoto, Phys Rev E (2017)
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F(o,z)
(G((p,Z)) pusher&pullerd

—————ee e meeeeer S/
n”V e/

e,
)
)

-0.5

)

(qV] ~—

(

%
Z
t—» —t
@ > —@ ORI UTARE

B~ —f (squirmerDiBE)

d
dt

near-filed(IH 9 L)

pusher-puller¥d1%




EH L DiisHEFR

Ov Ly hEINOFUTF

O kL R(rotlet) : M DRFBLSY (= MLD)DT U — > B

e
o0

O.6C}B
, 042
Gf} = €k p E#5 9 BERDE D DFEN : u; = GEM .
0
INOF U7 DREDDRNIZIERA =IO _EiRE
Ow ~w b Z”E1R 1 1
RD _ aG
T s Ex
DIMELUTEITD 05§ = 0.5 &
El E

IBRERECLDRNG Ab=DOX@mEOY oy bOEREHE

Ishimoto, Gaffney & Walker, Phys Rev Fluids (2020)
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* — s
IND U7 DFES)
BEmMNHpdEET0Ov b b ZERORNIS GEMENER
IRIR(C KD FNIG+effery SIERN SEHDFIE(C K DFEREZKRD D
E&E (:Ilz'/f—.l_-rd: t g : X3 FAR-FIELD : STRESSLET

3q
“QWClll - — W(l - B) @ ROTLET (,)

: A\ W _ Y "’
¢:0Ov hw hZBEDBE iy e ﬁ

SYSTEM

IMAGE

X
2 FAR-FIELD: ROTLET-DOUBLET
iy @ ROTLET (-0

o) emua)  ooumier Blake & Chwang (1974)

(b

yla
&
S
\
\
\
NG
/

-50 40 -30 -20 -10 O 10 20 (<N ' N

xla Lauga et al. (2006)

Shum & Gaffney (2010)
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no-collision paradox .
Nt
HBIEMR(h < a)[CKDERDIEIUREN: K = —67w— f
—TEDIHNIDEE h = hyexp(— Waz) ‘_X
;h
BETH (L2472 D £ CHERADIERO DB /17777777777
l)lb‘*uﬂo)* E E{’FI%
FRHEDFHEHBIER

LtT5— - UH> RiES, etc.
(REDS IRATHE/IS RO (IEEH)

JNOVUSE [REIFEBEMED ]

Ishimoto & Gaffney, J R Soc Interface (2016)



PIRSA>

§2-3 {EMAREIDFRIAEE{FH




EMFBEIDAHEER

i=EbREE CDHEE{EA (J K, J L

pusher(puller)(3BIEASEN 531 (FH7) aEo-\_S\ RNDE
EHIHB(A LA LY NDRERS &effery 512D ‘ ﬁ F) f_
P SFEENBEERENKED e
A0 pusher puller
EV O EA AR aAY-]: 7 2 >
Dioll—cell = 873—57”3 [(1+ 2B) — 5B sin? 8] sin 6 cos 6

NEZRDIRTHELIED (4D L), &5

(CZDEEIFEEET <(C(EFHhMSR0) P o
[ Calhe | | | !
- ) 50 | ! 40+ Lot v 1
near-filed(3H 9 () y \ | SERES ‘\: i
3. S XN R vy
Bl : AUREORF R OBEXIAF IO = PSRRI MR EEE RN
2 = \ rot
v ff/E« 0 AN |
0Ok 0 \\\\- .
03 -02 -01 0 01 02 01 -0.05 0 0.05 0.1

Walker, Ishimoto & Gaffney, Phys Rev Fluids (2019)



S EOBN DB E O T T

4

RIETIRERS — b ETIU(TAS—>— M) TIE M

B RS ER XS RNV EN S EIRA (S & D 1E7380) Taylor (1951)

RSB FINEIZ CHONETHRAMEEER DA CHEEDEIHA (LA EE
PO - IF-a— M ECKOTEREATED

we <
) oy
v

Drescher et al. (2009)

WEEE - 133

411

RAW

PROCESSED

YouTube@Guasto Lab @Tufts  somatic cell, Volvox carteri YouTube@Kenta Ishimoto
55 REFR Brumley et al. (2014) VSAOSv/ULS



PIRSA>

JALLLL)
id
m
&

§2-4 ££F




SEIDHETEIES

Batchelor¥im & LA OS> —

AR Y FISHR) (SIS DR

i = Gy Sk
/ﬁ 2\ > ‘ﬁ"i‘ : : XEI‘EAQ(L_;(:I- L/t \
ESAZARDYIAR Gl KAR) (CXT LT (TS5 EE RS T
Si' = Wi' EOO e 5
! JRLTKE liuflfcz/ﬂ = 00 + 74) < Wiji > +0(9?)
n b WESE g —gE— o s
Batchelor (1970) Bk FDima (ElnSteln@*lﬁr—_c)
eff — 5¢
u /u—1+7+0(¢ )



SENRER

MEYVRB RO

HEYAE (B> 1)T
weak shear-limit (y - 1)

7

3p
4kp

uef /iy -1+ ke (1 —

p > 0 : pusher=#iTM3
p <0 : puller=#41%_ NS

J\O5F)7J

A

T RBIREN

<<<< |

>>>><<

| >>>

Lopez et al (2015)

-
-— C.reinhardtii (puller) @D
R\ ' I\
b 1.4 T | T T c 26_ L | T T T T T T T1T1] ]
1.2 — r 0\\ t
[ — 22 $=0.15 .
10 5§ e TTL - 1
R LR 8 [ <\ e et o, $=0125]
08 L m011% T [ S .
F 1 — N, -
(0 06 Coe021% ] = 18 Ny $=01 ]
B L A0.44% R Ny e et e, $=0075]
04 l : ¢ 0.67% - e ]
L ! 141 Suspending ]
0.2 r ;)-,c - bk medium .
0 ol AT BT i 10_ Lol 1 1 Lol
1072 1077 100 10! 102 10 102
y(s) y(s)
T T T T T T T T T T T J T T T T T
y=0.04s"" . . 15k Swimming ceIIs  Dead-
O ATCC9637 serine - _.cﬁ cells
® ATCC9637 serine+0, , — ]
= RP437 serine+0, 7] 10F —_ngu B
1 % ++ .
E rrrrr E rrrrrrrrrrrrrrrrrrrrrr _ = P . ! l%
i 05 ,... n »—{21—« a -
i E LR O g
] o &5
. R -
[P IR B R B 0 _%3 M T
1.2 1.8 24 .05 0.1 0 0. 1 5 020 025
¢ (%) ¢ (%)
N J

Taylor-Couette rheometer Sgintillian (20 1 8)



INOFUT

B. subtilis, quasi2D (5um-chamber)

s (PIV) | (b) B. subtilis dynamic

(lol) /e

— o
KJ1O1I0A

J -4
ontinuum theory- &4
—

il

KJ191110A

Wensink et al. PNAS (2012), Suppl Mov 7 Dunkel et al. Phys Rev Lett (2013)




SKEEEDET IV

KL< BBDIT7I7T« 7“*4?%.0)% )b

dx® |
—_ @ (1) (i)
dt USWlm + UTlOlSB + USt@TiC
N z u) (X x0); gOi)

J#i

v - orw X E u
o Q‘: Experiment "

- &\‘Kw

FHCHNGREERER FLALY 0y

e 1
(r;d) = —p Giim (g Oim — did

\‘\\\\*ﬁ -2
k/f Sl TR
2, » \\r\. \\wz 0 A,,/
/

dDEsEFRE (T Ieffery 512 ok
W;,«ﬂ;// it A\g\e%tltgséd' 3

Ariel et al. (2018)



SKEEEDET IV

YEF)ERTET )L Saintillian-ShellyI25%(2008)
Y(r,d,t) : RIFDMOERZERIE

oy .
— + V(W) + V,.(d¥) = DVZY + DRV3¥

ot
F=Ud+u d= Jeffery 512zt wE
C(r, t) :fl}’(r,d, t)dd
V-u=0 -Vq+uV?u=pv-<dd > .
RN
N;(r,t) = J d; ¥(r,d, t)dd
W0 0—2 v —F4F TOEGARTT, 1
o \ T = 0;irt) = | (26, —did; ) ¥(r,d,t)dd
7 O5 4 IIE —DEAAETET )L, ! f<3 ! ])

ROINOF VU FERORSFHET I ZEBHTED

Heidenreich et al. (2016), Reinken et al. (2018)



A NENALZENE

FEFIREEDLZTEE Saintillian-ShellyXEzw
wr,dt) = Cr0)8(d—N,)  D=Dg=0
BDE~exp(ot + ik - ) & U CTERIZN S ORI T E T
FBREEWIE(k - )T o =0, %(B cos 28 + 1) cos 20
p # 07X 5B ([CALZERABHMFE

=
o

R ————)
(W
\
Y

EEFHFIREBDEEE
W(r,d,t) = Cy/4m D=Dg=0
BMDE~exp(ot + ik - r) & U TERIGN S DERIC L TE EHRAT

EREMB(k - )T o= pl;f"

MEYAR(B > 0)hDpusher(p > 0)IXABAEE
EKFZYDAR(B = 0) IR EZTE
MEYIRB > 0)hDpuller (p < 0)IXABZLTE




TDMMDERELES

Gyrotactic mechanism

C ing reori i i for bioconvection
a b
a
s & |
\ Chlamydomonas augustae C. augustae B'v::gg:n
I’ I b Concentration Concentration Depth  Width 2 Elime
<105 cells/cm? 1.5x107 cells/cm® 02cm  5cm 64

&
Ll B

Flujd flow

Off-center mass distribution
caused by chloroplasts and
deposits of starch

Gravitational }
torque S

Overturning mechanism for bioconvection

— 4/'"""“"‘"\ Ve T X

a

SURFAC

Bees(2020) ml ¢ |5'°“f |

"ﬁ?ﬁ(sperm cluster, sperm train, sperm turbulence)

Fisher et al (2010) Yang et al (2008) Creppy et al (2015)




MEMTAENFE L3DDERE

(1) 1EERDEX : 227 - FARTEF DT A1 FZIX
(2) RAAEELER @ 89 DTz D@D 72D
(3) EELEF) : ¥ UORT — )LDkt

—DDERAGENNSEFTNDIZHRIE
(/)u,'ﬁij] FOmHA é)

mn @ —— hies

Stokes Equations Active Boundaries
$SHZPDE - 185 ERIEE M + 2T
B R R S R BENE RIS



L\ DH'Remark

BOI/AR DT E(FATHEINRI)EER M NEY D
PHSMNE  #HIERAE D ZE (elastohydrodynamics)
TS5 Es) - A X - = - YIEEHLEY - kRN
IE— 1 — MR DK

CNHSDMENTIETIF (BFFIREE)
ENEAEMZCEDIAEN, EMZEZFAED TLDLTZES

MR Z OB OEM S A7 A +4ERE - (L
HREA= T )L + 385K A O R+ HMEPRIR

Bl . JIEIAFZOR I\AAT 1)L



Lauga & Powers, The hydrodynamics of swimming
microorganisms, Rep. Prog. Phys., 72 (2009) 096601

Purcell, Life at low Reynolds number, Am. J. Phys. 45 (1977) 3-11.
(#LER : ¥D1ERAZE - EFAR, 6, 063101, 2017)

Elgeti, Winkler & Gompper, Physics of microswimmers—
single particle motion and collective behavior: a review,
Rep. Prog. Phys., 78 (2015) 056601.

Gompper et al., The 2020 motile active matter T"”c':‘é‘ufﬁ%{'ﬁi';‘“f
roadmap, J. Phys. Cond. Mat., 32 (2020) 19300. SN

E. Lauga, The Fluids Dynamics of Cell Motility,
Cambridge University Press, 2020




