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1 Department of Chemistry, Tokyo Metropolitan University
2Research Institute for Interdisciplinary Science, Okayama University

Shigeyuki Komura!, Kento Yasuda! and Ryuichi Okamoto?

We discuss the locomotion of a three-sphere microswimmer in a viscoelastic structured fluid
characterized by typical length and time scales [1]. We derive a general expression to link the
average swimming velocity to the sphere mobilities. In this relationship, a viscous contribution
exists when the time-reversal symmetry is broken, whereas an elastic contribution is present
when the structural symmetry of the microswimmer is broken [2]. As an example of a structured
fluid, we consider a polymer gel, which is described by a “two-fluid” model. We demonstrate in
detail that the competition between the swimmer size and the polymer mesh size gives rise to the

rich dynamics of a three-sphere microswimmer.

Figure 1. Microswimmers in a structured fluid such as a polymer gel.
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Probability flux of a three-sphere micromachine having different
temperatures
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[ Introduction]

Micromachines are tiny machines that swim in a fluid. Therefor it is necessary to consider how
to improve the efficiently through a little degree of freedom. Najafi and Golestanian proposed a
simple micromachine model in which three in-line spheres are linked by two arms of varying
length [1]. Recently, present authors proposed a generalized three-sphere micromachine model in
which the spheres are connected by two elastic springs [2]. However, from a practical point of
view, it is not a simple task to implement these motions at micron length scale. In this
presentation, we suggested a new mechanism for locomotion that is purely induced by thermal
fluctuations. We show that an elastic three-sphere micromachine in a viscous fluid can acquire
directional motion because of thermal fluctuations when the sphere has different temperatures [3].
In order to understand the physical mechanism, we further investigated probability flux of a
micromachine. We first carried out numerical simulation for a two-sphere model. The distribution
of the distance between the spheres obeys the quasi-Boltzmann distribution [4]. Next we
extended this analysis to the three-sphere micromachine.

[ Results and discussion]

The average velocity of the three-sphere micromachine is proportional to the temperature
difference 75 — Ty, and the swimming direction is from a colder sphere to a hotter one. When T =
T3, the average velocity is zero. We also obtain a quasi-Boltzmann distribution for this thermally
driven elastic three-sphere micromachine and calculated the probability flux. We have confirmed

the existence of the probability flux loop.

X
T K\ T2 K 3

Figure 1: Thermally driven elastic three-sphere micromachine. Three spheres are connected by two
harmonic springs with elastic constants K, and Kp. The time-dependent positions of the spheres are
denoted by x,(¢) (i =1,2,3) in a one-dimensional coordinate system.
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[Introduction]

Active proteins play important roles in catalyzing chemical reactions with the supply of a
substrate such as ATP. Recently, non-equilibrium effects induced by these proteins have attracted
many interests and have been studied both theoretically and experimentally. For example, a
force dipole model was employed to analytically derive diffusion coefficients of a passive object
in physiological environments such as a cytoplasm and a surrounding biomembrane [1, 2].

As one of the active systems with ATP-driven proteins, we chose a dilute suspension of active
elastic dumbbells under steady shear flow (see Fig. 1). Here active dumbbells represent catalytic
enzymes, and we derive the active enzyme viscosity 1, by using the above force dipole model.

The separation between the dumbbell beads is governed by the following Langevin equation:

Oro _ 20U(r,s) 2kgT Olnyp
ot ¢ Ora ¢ Ora

Here, U(r,s) is the state-dependent elastic energy which represents the turnover cycle of the

+ dagprs. (1)

actual enzyme.

[Results and Discussion]

By analytically solving the constitutive equation, we find that 7, presents both decreasing
and increasing behaviors as the substrate concentration is increased, depending on the physical
properties of the binding substrate. For a substrate larger than the enzyme, we see that ng

behaves as if no substrate were present because it does not affect the size of the enzyme.

#
T o ey
N

FIG.1 Schematic representation of a dilute suspension of active dumbbells under steady shear flow.
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[Introduction]

We discuss a generalized three-sphere swimmer in which the spheres are simply
connected by two harmonic springs [1]. The main difference between this model and the
previous models is that the natural length of each spring depends on time and is assumed
to undergo a prescribed cyclic change. Whereas the arms in the Najafi-Golestanian model
undergo a prescribed motion regardless of the force exerted by the fluid [2], the sphere
motion in our model is determined by the natural spring lengths representing internal
states of a swimmer and also by the force exerted by the fluid. We analytically obtain the
average swimming velocity as a function of the frequency of cyclic change in the natural
length.

[Results and Discussion]

When the frequency of cyclic change in the natural lengths is smaller than this
characteristic time, the swimming velocity increases with frequency. In the high-
frequency region, on the other hand, the motion of spheres cannot follow the change in the
natural length, and the average swimming velocity decreases with increasing frequency.

We shall also investigate the correlated motion of two three-sphere swimmers. We show
that, due to the hydrodynamic interaction between the two swimmers, the average

velocities of them can be altered from that of a single three-sphere swimmer.

Ui 1 KA X9 KB I3 T4 KA Is KB T
geA:eB': SK'ACE'QC

D

Fig. 1: Two three-sphere microswimmer in a viscous fluid characterized by the viscosity 7.
Three identical spheres of radius a are connected by two harmonic springs whose elastic
constants are K, and Kg. The natural lengths of the springs, €5, £, ¥'a and ¢’z , depend
on time and are assumed to undergo cyclic change. The distance between two swimmers is

denoted by D.
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Anomalous diffusion and fluctuation of a microdroplet of actomyosin

(‘Dept. of Phys., Kyoto Univ., 2RIES, Hokkaido Univ.)
Masahiro Makuta', Yukinori Nishigami? and Masatoshi Ichikawa'

[Introduction]

Living cells actively regulate the generation of force during various biological processes.
Cytoskeletons and its associated proteins mainly perform such force generations. Actin filament is one
of the cytoskeletons, which plays a major role in force generation of living cells. For example, muscle
actin generates contraction force in cooperation with the motor protein myosin. Actomyosin, which is a
composite material of actin and myosin also works in deformation and maintenance of the cell shapes.
We have performed in vitro experiments by using artificial cells to clarify the primitive mechanism of
the deformation induced by actomyosin [1,2]. These works figured out the dynamic interface
deformation and analyzed their statistical features, however, it has not yet examined internal dynamics
inside the artificial cells correlated with the interfacial deformations. We here studied active
fluctuation induced by actomyosin through the motion of probe beads encapsulated in the
actomyosin droplet [3].

[Results and Discussion]

The basic behaviors of the interface were consistent with the results of previous studies, i.e.,
induction, nonperiodic oscillation, and winkling phases were emerged in order. Through the
experiments, fluctuation of microbeads accompanied with motion transition of the interface exhibited
correlations as shown in Figs. 1. (a) and (b). In induction phase (0 - 300 s), microbeads fluctuated around
the initial position, and the motion became larger in the nonperiodic oscillation phase (400 — 500 s). In
the early winkling phase (600 — 700 s), the microbead was fallen into the interface where the actomyosin
cortex formed. In the former phases, anisotropic fluctuation was observed, e.g., diffusion coefficient in
the tangential direction was different from radial direction. The result suggests anisotropic formation of

actomyosin bundles and their force network due to the small spherical boundary condition.

700

=)

A b onv s o

Displacement of beads [;:m]

A P
0 100 200 300 400 500 600 700
= Time [s]

(b)

Fig. 1. (a)Trajectory of microsphere in actomyosin droplet.
(b)Displacement of microsphere from initial position.

(2% 3CHR]
(1) H. Tto, Y. Nishigami, S. Sonobe, M. Ichikawa, Phys. Rev. E 92, 062711 (2015).
(2) Y. Nishigami, H. Ito, S. Sonobe, M. Ichikawa, Sci. Rep. 6, 18964 (2016).
(3) H. Ito, M. Makuta, Y. Nishigami, M. Ichikawa, J. Phys. Soc. Jpn 86 (2017).
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Swimmer-microrheology
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[Introduction]

In this work, we propose a new type of active microrheology using a microswimmer [1].
Microswimmers are tiny machines that swim in a fluid such as sperm cells or motile bacteria and are
expected to be applied to microfluidics and microsystems. As one of the simplest microswimmers, we
consider the Najafi-Golestanian three-sphere swimmer model [2], where three in-line spheres are
linked by two arms of varying length. We investigate its motion in a general viscoelastic medium, and
obtain a relation that connects the swimming velocity and the frequency-dependent complex shear
viscosity of the surrounding viscoelastic medium (see Fig.1).

[Results and Discussion]

We show explicitly that the absence of the time-reversal symmetry of the swimmer motion leads to
the real part of the viscosity, whereas the absence of the structural symmetry of the swimmer is
reflected in the imaginary part of the viscosity. Hence, we shall call the proposed method the
“swimmer-microrheology".

Generalizing the above work, we discuss the locomotion of a three-sphere swimmer in a viscoelastic
structured fluid characterized by typical length and time scales [3]. We derive a general expression to
link the swimming velocity to the sphere mobilities. In this relationship, a viscous contribution exists
when the time-reversal symmetry is broken, whereas an elastic contribution is present when the
structural symmetry of the microswimmer is broken. As an example of a structured fluid, we consider
a polymer gel, which is described by a "‘two-fluid" model. We demonstrate in detail that the
competition between the swimmer size and the polymer mesh size gives rise to the rich dynamics of a
swimmer.

Fig. 1 : Najafi-Golestanian three-sphere swimmer model. The swimmer is embedded in a

viscoelastic medium characterized by a frequency-dependent complex shear viscosity.

[References]
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[2] A. Najafi and R. Golestanian, Phys. Rev. E 69, 062901 (2004).
[3] K. Yasuda, R. Okamoto, and S. Komura, EPL 123, 34002 (2018).
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[Introduction]

Recently, collective behaviors of self-propelled particles have been studied widely. Fily and Marchetti
showed that large number fluctuation and phase separation are generic properties out of equilibrium by
a persistent local energy input, using the self-propelled disks interacting with each other via only
repulsive force and being subject to rotational noise by simulation [1]. In this work, we consider the
Marchetti’s disk model [1] with property of cells, cell division and cell death by simulation. Moreover,
we consider tissue steady state which is called homeostatic state. In this state, average number density
is almost constant because cell division and cell death is balanced and the difference between division
rate and death rate depends on local cell density and pressure [2].

[Result and Discussion]

In the small system size, we cannot observe some characteristic patterns and structures.
However, we guess moving structures which is similar to traveling band structure in Vicsek-
like model [3] can be observed in the big system size.

In the poster session, we show some results from the big system size simulation with some

movies.

Fig.1: Snapshots of cell division and cell death. k+ and k. are division rate and death rate
respectively. In the low density area, the number of cells easily increase. By contrast, in the

high density area, the number of cells easily decrease.

[References]
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Observation of nonequilibrium fluctuations below threshold voltages
to Electroconvection in Chiral Nematic Liquid Crystals
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Theoretical study of destruction in biological tissues

1 Department of Chemistry, Tokyo Metropolitan University
2 Department of Physics, National Central University

Furuya Tomohiro!, Hsuan-Yi Chen2, and Shigeyuki Komura?

[Introduction]

Recently, “cell transplantation” shows a growing interest in the clinical field in the
context of organ transplantation. It is possible that the cell fragment is transplanted into
patient. The advantage of this new method is that the cell transplantation prevents
patients from serious surgical damage since the cells can be transplanted only through the
catheter. Cell transplantation is being expected very much. But it remains unclear how
cell tissues become fragment and about physical interpretation of that mechanism. We
study about why the damage occurs in the cell tissue and how the damage progress. We
regard cell tissues as viscoelastic model and there are many ways to express cell tissues
as viscoelastic model [2]. We pursue viscoelastic model that can express the feature of cell
tissue unerringly and investigate behaviors of the model with some forces. It should be
critical for the accurate surgery to understand how the destruction (main crack) develops
into the tissue once it occurs. We set the lattice model for the cell tissue and our main aim
1s solving this problem analytically.

[Results and discussion]

We regard the lattice model as viscoelastic sheets. A crack is set in the model in advance.
This lattice model is stretched to fixed strain ¢ from top and bottom. We set equations
of motion for each lattice point. We solve the equations of motion to obtain the relation
between velocity of crack propagation and fixed strain « .

[References]

[1] N. Sakumichi and K. Okumura, Sci. Rep. 7,8065 (2017).
[2] S. Tlili, C. Gay, F. Graner, P. Marcq, F. Molino, and P. Saramito, Eur. Phys. J. E 38,53 (2015).
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GLFEIRFRIE  (rheo- SALS) %47V, T A 7 A=A OHEOT 0 SEEFEE (0.05~3 s1)
I8\ C, shear thickening fEik/N —f&ar (I, M&E95) HY, ZDOREIZ shear thinning
FEIFET D Z &, SAXS & SALS OGN — 2 bRa L TELTH Z Ea2lE LTz Y,
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_ A . .. Viscosity (c), diffraction peak intensities for three
7= (H1 (). ARORERIL, HlktEE principal directions (d), and axial ratio of rodlike vesicles

LEZ LN AR Y 7 2T and diameter of onions (e) for CisEs/water system (50
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EEEL. Nouwt & 1in % Nout™> 1 in DFIFH TEAL I HTEBREZITV,
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FUfe. SR A CUGEERIICE CAD T T kS KB L g T A
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An enhancement effect of the liquid-crystalline order observed in
azobenzene-containing copolymer liquid crystal mixture

('Graduate School of Science, Kyoto University, 2JST-CREST)

[Introduction]

Chiao-Ying Chien,'*?> and Jun Yamamoto!-

The photo-responsive LC material based on the isomerization of azobenzene have received more

interest in recent years. Samitsu et al. proposed a prototype of the molecular manipulator which

transported nanoscale impurities by spatial variation of order parameter (S) in the azobenzene-doped

nematic liquid crystal[1]. Under a UV illumination, the linear trans-azobenzene converted into

cis-azobenzene. The presence of the bent-shaped cis-isomer disturbed the liquid-crystalline order and

caused a decrease of S. As a result, the impurities transported and accumulated to the illuminated area

through the spatial variation of S. In order to improve the resolution of this molecular manipulator, the

azobenzene in the nematic liquid crystal was copolymerized with RM257 in our previous study[2].

However, we noticed an unusual photo-induced phenomenon in this polymerized LC mixture. The

birefringence increased gradually and then went reversely to lower than the initial state during a UV

illumination. In this report, we studied this enhancement effect and attempted to understand the

mechanism of this phenomenon.

[Results & Discussion]

Since the enhancement of birefringence can be
quickly erased by the blue light (cis—trans), it
suggested that the cis-azobenzene molecules also
play important roles in this enhancement effect. On
the other hand, we investigated the photo-induced
behavior in different composition of the copolymer
dispersed in nematic liquid crystal. The results
indicated that this phenomenon greatly depended
on the ratio of the monomers, which controls the
structure of copolymer formed in the nematic
phase. We observed the morphology of copolymer
by SEM and proposed the possible mechanism for

the enhancement of order parameter.

[References]
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Figure 1 The photo-induced variation of birefringence
was measured in different composition of copolymer
The birefringence was

dispersed in LC mixture.

normalized by the initial state.
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