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70 unsolved problems in Physics (JPS 2017)
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63: Collective behaviors of cells and lives

modelled as self-propelled particles
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Major categories of self-propelled particles

Dry particles Wet particles
in which hydrodynamics is not important in which hydrodynamics plays crucial role
ex. flock of birds ex. school of fish

bioGraphicMagazine on YouTube



A popular dry particles: Active Brownian particles

* MIPS: Cates, Tailleur, Ann. Rev. Cond. Matt. 6, 219 (2015)
* Omar, Klymko, GrandPre, Geissler, PRL 126, 188002 (2021)
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Another popular dry particles: Vicsek model

 Tamas Vicsek et al., PRL 75, 1226 (1986)

v~
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Vicsek model (discrete) - Toner-Tu model (continuum)



Fluid & Soft Matter UvA on YouTube



Other dry particles

There existed a few good models
before Vicsek.



Dry particles for CG: Boids

e artificial life program proposed by
Craig Reynolds (1986) *

1) Separation 2) Alignment 3) Cohesion




Dry particles in Japanese article: Sakai model

* Sumiko Sakai, ZE¥I¥PIE 13, 83 (1973)
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Dry particles in Japanese article: Sakai model
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Other dry particles

There proposed many models after Vicsek
including ...
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Dry particles with vision: Hybrid Projection model
* Pearcea, Millera, Rowlandsa, Turner, PNAS 111, 10422 (2014)
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Fig. 1. Sketch showing the construction of the projection through a 2D
swarm seen by the i™" individual, which here happens to be one near the
center of the swarm. The thick dark arcs around the exterior circle (shown
for clarity; there is no such boundary around the swarm) correspond to the
angular regions where one or more others block the line of sight of the i*
individual to infinity. The sum of unit vectors pointing to each of these
domain boundaries, at the angles shown, gives the resolved vector §;, shown
in red, that enters our equation of motion. See S/ Appendix for the extension
to 3D.
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Major categories of self-propelled particles

Dry particles Wet particles = Swimmers
in which hydrodynamics is not important in which hydrodynamics plays crucial role
ex. flock of birds ex. school of fish

bioGraphicMagazine on YouTube 15



How can swimmers swim?

Breaststroke E-coli bacteria

Force free

Force / Torque free

Swimming = Propulsion without external Force or Torque

u(r) ~r|[’ cf. driven colloid u(r) ~|r|"
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A detailed swimmer model

* boundary element method:

Ishikawa, Sekiya, Imai, Yamaguchi, Biophys. J. 93, 2217 (2007)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

radius a;

FIGURE 1 Shape parameters for a bacterial model with
360 and 320 triangle elements for the flagellum and
spherical body, respectively. The total number of elements
per bacterium is 680. (a) Shape A (h =0.77, k = kg = 1.3,
and a; = 0.1), (b) shape B (h = 0.77/2), and (c¢) shape C (h =
0.77/2, k = 2.6).

(a)

(d)

I
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More detailed swimmer model

e PMC dynamics:
Hu, Yang, Gompper, Winkler, Soft Matter 11, 7867 (2015)

(a) 210 25

(a) (b)

6.6 pm

25 z[pm]
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fe—— 25 m

|<— O.911m —>| ]<->| 0.4 pm

Fig. 2 (a) Model of the spherocylindrical cell body of diameter d = 0.9 um
and length 7, = 2.5 um. It is composed of 51 circular sections of particles,
which are connected by the bond potential of egn (1). (b) The flagellum, a
three-turn left-handed helix of radius R = 0.2 um, pitch 4 = 2.2 um and

contour length L. = 7.6 um (corresponding to the parallel length L, =
6.6 um), consists of 76 consecutive segments. Fig. 5 Time-averaged flow field generated by a single swimming bacterium as obtained from simulations: (a) flow field in the swimming plane (b) the
theoretical flow pattern for a finite-distance force dipole as illustrated in Fig. 6(a) as superposition of two Stokeslets within the same periodic box as for

our simulations. (c—g) Flow fields in planes perpendicular to the swimming plane at positions indicated by the white vertical lines in (a). The streamlines
indicate the flow direction, and the logarithmic color scheme indicates the magnitude of the flow speed scaled by the bacterial swimming velocity. 1 8

r =15 pm



Simpler swimmers in a real-world

Q. Can scallops swim using simple reciprocal motion?

A. Yes, in a real-world (= at moderate Re).

simple reciprocal motion

State A State B




Simpler swimmers in a small-scale

A. No, in a small-world (= at low Re).

e Purcell theorem: Purcell, AJP 45, 3 (1977)
Reciprocal Non-reciprocal (Circulative)

(V) =0 (V) #0
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Scallop Purcell’s swimmer
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A model microswimmer (3-linked spheres)

3-sphere NG model: Najafi, Golestanian, PRE 69, 062901
(2004) £ i D fi J2 /3
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FIG. 2. Complete cycle of the proposed nonreciprocal motion of
the swimmer, which is composed of four consecutive time-reversal L2 = lz + Uy, uz(l‘) = d2 COS(a)l‘ + QDZ)
breaking stages: (a) the left arm decreases its length with the con-
stant relative velocity W, (b) the right arm decreases its length with
the same velocity, (c¢) the left arm opens up to its original length,
and finally, (d) the right arm elongates to its original size. By com-
pleting the cycle the whole system is displaced to the right side by
an amount A. phase shift between two actuators 21
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A model microswimmer (2-linked spheres)

e push-me-pull-you (PMPY) model:
Avron, Kenneth, Oaknin, NJP 7, 234 (2005)
Silverberg et al., Bioinspiration and Biomimetics 15, 64001 (2020)
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A model microswimmer (3-linked spheres)

e 3-sphere volume exchange (VE) model:
Wang, Hu, Othmer, IMA 155, 185 (2012)

N
e (1) da; = 61 > 0 while dag = 0;
O O o I
volume flow —_ (2) daz =03 > 0 while da; = 0;
<« e 0 o | |
— (3) da; =—d1 > 0 while dag = 0;
> 9o |
—~ = (4) dag =—0d3 > 0 while da; = 0.
o U °
A

U1 +v2+v3 =0



Comparisons of model microswimmers

total volume in all spheres are the same, and the
stroke amplitudes are the same for each mode.

* NGvs PMPY vs VE

Wang, Othmer, MBE 12, 1303 (2015)

T
1), U@)dt|
x 107 (f) Performance ¢ = =
Jo P()dt
\
— Golestanian
— PMPY
—VE
\K

L
24



A model microswimmer (3-linked spheres)

* Thermally driven elastic microswimmer: Hosaka, Yasuda, Sou,
Okamoto, Komura, JPSJ 86, 113801 (2017)

Oseen tensor

X1 My, My, Mis fi $1
(9&2) = <M21 M, M23) | f2 |+ (52)
@ X3 M3y M3z, M3z f3 $3

(&:(0)&;(N) = kpTiM;;6(t — )
Tii = Ti' Tijz ave[Tl-,Tj]

Fp = —Ky(xp —x1 — 1)

FB=_/1KA(x3_x2_l) (x1+x3+X3)
(V) = 2
k
1=_FA B
= 2 — Ty —(7—=7A)T — 20T
fa = Fa—Fp, Tadm2(l+ 0 2 7SI = 7 =70 + (5 = 20)T]
f3 = F3

Temperature gradient drives the elastic microswimmer
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A model microswimmer (3-linked spheres)

 Thermally driven odd-elastic microswimmer:
Yasuda, Hosaka, Sou, Komura, JPSJ 90, 075001 (2021)

Oseen tensor

X1 My, My, Mis fi $1
(932) = <M21 M, M23> | f2 |+ (fz)
@ @ @ ) My My, M) \g) \g

(E:(1)&;(t) = kgTM;;5(t — )

(FA)z_(Ke KO).(xz—M—l)
Fg —K9 K¢/ \x3—2x;—1

_(X1+X3+X3)_7akBTA AEKO/Ke
fi=—Fy (V)= 3 ~ 8l2Ket +0 T =6nna/K°
fo = F4 — Fp,
f3 = Fg The odd-elastic microswimmer can

spontaneously propel in a heat bath!! »



A model microswimmer (3-linked rods)

* Purcell’'s swimmer with odd-elasticity:
Ishimoto, Moreau, Yasuda, PRE 105, 064603 (2022)

Spontaneous and autonomous motion can be
sustained in viscous media by the odd-elasticity!!! 7




Unsolved problems of microswimmers

(of my personal choice)
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A spherical microswimmer

e Squirmer model: Lighthill (1952), Blake (1971)

Propelling axis

Sliding velocity u®) using polynomial expansion

n=oo 5
’U,(S) = — ; Bn(é'rfwﬁ_é)Pr{L(é'fﬁ)
n(n+1)
n=1
= 2 ;. A
= nz::l D) By, P, (cosf)sin 60

i neglecting n>2

u" =(B sinf+ B, sin 26’)6
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A spherical microswimmer

2

UO — _B1

3
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E-coli bacteria
(Pusher)

e

Chlamydomonas
(Puller) 30



Single squirmer motions

Pusher

o =-2

Neutral

a=0

u(r) ~|r[”

Puller

a=2

u(r) ~r[”

Box: 64 x 64 x 64 with PBC, Particle radius: a=6, $=0.002

Re=0.01, Pe=c<, Ma=0

SM 2013
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PRE 2016

Collective behaviors of many pushers /pullers

Confined in parallel walls (V.F. of Squirmer = 0.13)

o =0.5

Puller

A
v




PRE 2016

Collective behaviors of many pushers /pullers
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JPSJ 2017
Collective behaviors of many pushers /pullers
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Y. Matsuoka, Y. Nakayama, and T. Kajiwara, Soft Matter (2020)

Squirmer in viscoelastic fluid

Oldroyd-B model

total stress: T=2nD+ 1 g = Ne
solvent polymer Ns + Np
\Y . _ MBy
where T+ AT =2n,D Wi=—
upper convective Maxwell model

with O
ET—I—V-VT— (VV)' - T +T-(Vv))

D= % (Vv + (Vv)']

\Y
T
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T. Kobayashi (on-going)
Squirmer in viscoelastic fluid

a=0 108-+ Newton |
| —o— (ldroyd-B
(>0
U r] § 106 B o
m ﬁ = > — 05 b 1 04 " -
DT Ns + NMp )
ﬁa\>-4 B, o
<= A B 1.02 | .
T Wi=——=0.2
a ® ? ® ®
0 1 2 3
Neutral swimmer CZ
B, =0 ¢ =—

37



T. Kobayashi (on-going)

Squirmer in viscoelastic fluid

Squirmer with only rotlet dipole

Oryr — Oxx Oxx — 096 .

— -0.005

- e 0.015
P / 0.02
-  ; f -0.025
-3.2e-02

Orr — 0g9 Orr — Oxx Oxx — 096
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T. Kobayashi (in future)

Efficient propulsion in viscoelastic media

Weissenberg effect Visco-elastic propeller



Thank you for your kind attention.
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e DDFT model:

Model microswimmer (1 sphere)

Menzel, Saha, Hoell, Lowen, JCP 144, 024115 (2016)

A

FIG. 1. Individual model microswimmer. The spherical swimmer body of
hydrodynamic radius a is subjected to hydrodynamic drag. Two active point-
like force centers exert active forces +f and —f onto the surrounding fluid.
This results in a self-induced fluid flow indicated by small light arrows. L
is the distance between the two force centers. The whole setup is axially
symmetric with respect to the axis n. If the swimmer body is shifted along
n out of the geometric center, leading to distances awL and (1 —a)L to the
two force centers, it feels a net self-induced hydrodynamic drag. The mi-
croswimmer then self-propels. In the depicted state (pusher), fluid is pushed
outward. Upon inversion of the two forces, fluid is pulled inward (puller).
We consider soft isotropic steric interactions between the swimmer bodies of
typical interaction range o, implying an effective steric swimmer radius of
o/2.
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Pusher

o =-2

Collective motions in bulk

Neutral

a=0

Puller

a=2

JPS) 2017
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J. R. Blake (1971)

Spherical micro-swimmer with rotlet

Bl Sin 0 é@
polar

Important
parameter #1

C,sin260 €,

azimuthal

Important

parameter #2
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