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ADAPTIVE SELF-STEERING

Relevant examples [Dozegn = A
— Biological systems

— Microrobots

* Janus particles

* Bioinspired microrobots Swimming neutrophils Hydrodynamic starvation
Biol. Cell 113, 28 (2021) PNAS 111, 8083 (2014)

Cognitive self-steering
active particles

= Sensing, Information N
processing, adaptation ‘“
= Noise c G}
= Hydrodynamic interactions Adv. Funct. Mater. 2214801 (2023) P .
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MODEL

Intelligent active Brownian particle (IABP)

’i"(t —’er —I—\/ 2DT77T
é(t: At—|—\/2DR’I7Rt><€t

Adaptation f, = C(e X eaim) X €

€aim N External cue €.;m

* Instantaneous
* No memory

e
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Sensing €aim = T¢/7Tc
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MANEUVERABILITY

IABP Dimensionless parameters
r
et)=Cex | — xe
Y (Tc ) QA =C/Dgr, Pe=uwvy/(cDpR)

-

Maneuverability ()

(Q — E) sin [ 4+ noise
N '\/

B

Strong maneuverability Weak maneuverability

New J. Phys. 24, 093039 (2022)

JULICH
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HYDRODYNAMIC SELF-STEERING

* Hydrodynamic interactions in 3D
* Model microswimmer: squirmer, fluid: MPC

Pusher Puller

Soft Matter 12, 7372 (2016)

iSquirmer Wy = Cep X €4im Commun. Phys. 6, 310 (2023)
* Actuation: Slip velocity adapting to external cue
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MULTIPARTICLE COLLISION DYNAMICS (MPC)

Particle-based mesoscale hydrodynamic simulation 02| g?gg = |
10242
Streaming + collision steps 2 fooss
z |
o 'X ::1 & g o' b i
AN D -
: 1’ [ = o
I S ? 10° 10’ 10? 108
v e ‘ GPU count

Streaming step  Collision step Parallelized implementation (CPU/GPU):
- (instantaneously) _‘ HTMPC (heavily templated MPC)

r (during intervall h)
ri(t +h) =1i(t) + hoi(t)  vit +h) = u(t) + R- (v;(t) — u(t)) — up to 1.5 trillion MPC patrticles
arXiv:2406.15236 (2024)
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PURSUIT: PROPULSION ALIGNMENT (PUSHERS)

Side-by-side configuration
(hydrodynamic attraction)

Movie 6, Pushers, Pe =128, Q =759, v /v, = 1.7

-+

Speed adaptation K

Near-field Hydrodynamics
= Induce torque

Circular motion:
indirect steering of target

Commnun. Phys. 6, 310 (2023) ‘J JULlCH
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HYDRODYNAMIC ALIGNMENT: POLAR ORDER?

Autonomously aligning microswimmers

Polar order in dry Vicsek system

1 ]
o . Density:
. . . € = e
 Long-range orientational order in 2D, 3D MmN ; /
- s * 0.093 (radius)
Wet active polar fluid Alignment range
. _ _ _ * 6.0 (alignment)
* Aligning effect of near-field hydrodynamics Ra = 4hsq
Reinken et al., PRE 97, 022613 (2018) 1+ i
* Hydrodynamics prevent polar ordering 08 - Pe — 198 T
Simha et al., PRL 89, 058101 (2002) 0.6 - Puller - :
> Pusher -®-
* Toner-Tu-Swift-Hohenberg model 04T ABP ]
— Homogeneous density (pushers - turbulence) 02 - 1.
= =@ ~ < < ¢ - :'_‘ z ::— - &
Wensink et al., PNAS 109, 14308 (2012) o= =t
2 8 32 128 512 2048 8192
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Which form of self-organization?



ALIGNING PUSHERS: ACTIVE TURBULENCE

w/wmax

0

x/a
vorticity: w =V X u

@) JULICH
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T =045 weeeeen 102:
ENERGY SPECTRUM NE =
Fast advection oV i =10t
* Squirmer motion 20 times faster than v, \ Yl S
for Q = 8192 (MSD) L
* Not in dry systems . : 107

* Driven by collective fluid flow

\oronoi

I
(Ar/a)?

1007

|
107
Dp At

102
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Wensink et al., JPCM (2012)

Keta et al., PRL (2024)
Dry systems: high density

-------

-------
-
-

 Pe=128,0=128 —

Pe = 32,32 —+

512 —3
2048 —
8192

128 —




ALIGNING PULLERS: NEW TYPE OF CHAOTIC ADVECTION

1024

vorticity: w =V X u
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DENSITY MODULATION

Pullers: formation of dynamic clusters

* No MIPS: collective speed faster than the single-particle speed

‘ | ‘ 10® ——r—v——"r—————m
Q=0— 2048 — :
2 4096 — 107 ¢
8 8192 1 104 I
2
| o 10°
. | =102 |
. 4 L f
- : 107 ¢
10 | :
! 100 E
: Pe = 128 107 |
10-2 u | | 10-2 F
0 0.1 0.2 0.3 0.4 0.5
Ploc
Voronoi N
MSD @) JULICH
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T
Puller, 2 = 2048 —

FLUID JET AND VORTEX RING 1006 —
/’?: *, Pusher, €2 zgégl)g -_
s \ 2048 = -
g 8192 = -
: i
2
S oozp N\ |
1
g
i
5
Scenario for pullers: arXiv:2406.17704 (2024) o2 768 1024"
Aligned cluster Strong fluid jet formation of a vortex rin oo
° — SHong THEEt = ° l) JULICH
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RICH COUPLING BETWEEN POLARITY AND VELOCITY

Polarity (e) and velocity (v) fields of

squirmers
0.9 | ‘
Puller Pusher
) = 2048 =— Q0 =512
4096 =— 2048 = = ,
0.6 8192 8192 == + ¢ 4
3 Pl
.:”
03 w)
T Squirmers
O | | |
-1 -0.5 0 0.5 1
v-e/|v
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Velocity fields of

squirmers (dashed) and fluid (solid)

\I\Il 1 1 T \III\I T 1 1 L
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Pullers

0 = 2048 —
4096 —
8192
Lol
107

k/k,
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SUMMARY

* Autonomously steering (aligning) microswimmers New J. Phys. 24, 093039 (2022)
Commun. Phys. 3, 610 (2023)
— Wet polar active matter: no long-range polar order arXiv:2406.17704 (2024)
* Pushers: active turbulence * Pullers:
— Fast advection — Tendency for clustering
— Extended vortex size — Fluid jets and vortex rings
106§ oo R T T T °

Ly
°5% ©0
, .0:‘.!. ‘
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512 — 1
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THANK YOU!
LARILICH
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