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Motivation  

- Motility and Shape - 

A. Verkhovsky (1999) 

K. Nagai (2005) 

pentanol drop keratocyte 

1. Force free 
2. Symmetry breaking 

E. Cox, et al. (2008) 
Y. Maeda and M. Sano (2008) 

Dictyostelium 



Motion “without” external force 

• Phoresis 

▫ Electrophoresis 

▫ Diffusiophoresis 

▫ Soret Effect (thermophoresis) 

 

• Marangoni Effect 

▫ liquid-liquid, gas-liquid interface 

0  dSf z n

No mechanical force acting on the drop 

D. Braun et al. (2002) 

J. L. Anderson,(1989) 



Motion of a droplet in a linear 

temperature gradient 

• Drops move toward a hotter place 

 

 

 

 

N. Young et al. (1959) 

The drop is 
swimming in a fluid. 
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Light-guided drop 

A. Diguet, et al. Ang. Chim. (2009) A drop partially illuminated by laser 
may have inhomogeneous distribution 
of surface tension due to photo-
sensitive surfactants, which leads to 
motion. 

Photo-sensitive surfactant 



Active motion of Janus particles  

a particle with two faces 

A. Walther,  
Soft Matter (2008) 

H.-R. Jiang, NY, and M. Sano. PRL (2010) 

W. F. Paxton, JACS (2004) 

H.-R. Jiang, H. Wada, NY, and M. Sano. PRL (2009) 

J. R. Howse, PRL (2004) 3
T

T
u DS

R





~ laser intensity 

../../../../memo/2009/10/kitahata20091006.pdf


Spontaneous motion 

• Motion under an external field (gradient) 
 

• Motion of an asymmetric particle under a 
uniform (isotropic) field 
 

• Spontaneous symmetry breaking 
▫ Motion itself breaks symmetry (two isotropic 

fields have different centers) 
 

▫ Internal nonlinear pattern formation breaks 
symmetry 



Spontaneous Symmetry Breaking 

T. Toyota, JACS (2009) 

oil drop consuming surfactant 

also S. Thutupalli et al., NJP (2011) 



Spontaneous rotational motion 

F. Takabatake, et al., JCP (2011) 

oil drop + solid soap 

spinning 

10 mm 

translation 

rotation 
K.H.  Nagai, F.  Takabatake,  Y. Sumino, 
H. Kitahata, M. Ichikawa, NY  (2013) 

Experiments 

Theory 



surfactant 

∙ reactive surfactant 
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Amplitude Equation 
of Droplet Velocity 

∙ Bulk Concentration Field 

∙ Surface Concentration Field 

∙ Hydrodynamics 

self-propulsion of 
uniform systems 

∙ heating inside a drop 

droplet 

Concentration 
 Field 

Surface Tension 
Gradient 

Flow and 
Motion Marangoni 

effect 
advection 

stationary drifting 

“Reactive” droplet 

NY, K.H.  Nagai, Y. Sumino, H. Kitahata , PRE (2012) 

∙ production inside a      
  drop 



T. Ohkuma, and T.  Ohta (2009) 
T. Hiraiwa, K. Shitara, and T.  Ohta (2010) 
K. Shitara, T. Hiraiwa, and T.  Ohta (2011) 

Phenomenological model for motion and deformation 

 

 

also derived from reaction-diffusion equation 

Mechanics ?? 
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Motion 

Deformation 



Pusher or Puller? 

 

 

S. Ramaswamy, et al., (2004) 
Rheology of Active-Particle Suspensions  

P. Peyla, et al., (2010) 
Effective viscosity of microswimmer suspensions  

Viscosity of Chlamydomonas suspension 

pusher 

puller 

spermatozoa,  
bacteria (E. coli) 

force 

shear flow 

induced  
flow 

alga Chlamydomonas 



Phase-field model 
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S. Yabunaka, T. Ohta, and  NY , J. Chem. Phys (2012) 
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Dynamics of phase , (r) 
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Concentration Field 

 

 

Perturbation around drift bifurcation 

Gq: Green’s functin 

Dynamics of chemical  
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production of chemicals 
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Hq: source (in Fourier space) 

motion 
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0 Expansion in terms of  

~ Gu r S. Yabunaka, T. Ohta, and  NY , J. Chem. Phys (2012) 

Velocity field, v(r) 2 0p   v f



Hydrodynamics 

 

 

low-Reynolds Stokes flow 

sharp-interface limit 

boundary-value problem  

2 · 0p      v

2 0p   v

in out( ) ( )R Rv v

 in out( ) ( )· · ( )sR R   nσ nσ t

conventional Marangoni effect 

0 1( )c c c z r 12

15

Cc R
u




 

0 1( )B c B B c 

surface tension 

 ( ) ~ ( , )sB c   R

( )ij i jB c    

Korteweg stress 

1 
0 

( )s r R f f



Interfacial force 

 

 

Force acting on an interface 

inhomogeneous surface tension 

Laplace pressure 
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Marangoni force 

small R 
large R 

curvature 
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Force moments 

monopole (Stokeslet) 

dipole (stress let) 

Mutipole expansion of flow field 
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 v

deformation 

motion (F. Jülicher and J. Prost, 2009) 

2 >0: pusher 

2 <0: puller 



Shape and Force moment 

pusher puller 

2 0 > 2 0 < cc 

Concentration 

Surface tension 



Motion 
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Velocity of a droplet 
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 nuKinematic condition 

Shape of the droplet 
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Deformation 

Order parameter tensor 
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second mode 

third mode 



Deformation 
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Deformation 

 

 

Third mode 
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Motion and Deformation 
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Third mode 

Second mode 



Drift bifurcation 
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stationary velocity 

pitchfork bifurcation 
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nondimensional activity 

droplet concentration 

S. Yabunaka, T. Ohta, and  NY , J. Chem. Phys (2012) 



Third mode 
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The drop is pusher 
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surface tension 

flow 

low 

low 
high 

high 

Stationary shape 

2 0 >

low conc. 

low conc. NY , Phys. Rev. E (2014) 



Lyapunov function 
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There is no Lyapunov function 



Active Stress 

 

 

Kortweg Stress 

3

0 0

1
( )c

a a i jc
R

n n dS
R






    rActive Stress 

( )ij i jB c    

21
~

3
i ja iju u u  

 
 

 

3 2m0 / s~ m1D 

1

0 ~ ~ m100R   ~ 100Paa

~ 1m ·m sN /c A

force force dipole 

NY , Phys. Rev. E (2014) 



Interaction 

 

 

Shape of the droplet 
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Dynamics of chemical  
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velocity of the droplet 



Interaction 
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velocity of the droplet 
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1 mm 
Top view 

BZ reaction medium on oil 

H. Kitahata et al. (2002) 

oil 

BZ reaction 

Self-propulsion of a BZ drop 

H. Kitahata, NY, K. H. Nagai  and S. Yutaka, PRE 84 015101  (2011) 



Target Pattern Spiral Pattern 

（x4 in time） （x4 in time） 3 mm 3 mm 

Pattern in Chemical Reactions 
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H. Kitahata, NY, K. H. Nagai  and S. Yutaka, PRE 84 015101  (2011) 
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Surface  tension 

J. P. Keener and J. J, Tyson (1986) 



Target pattern and Motion  

 

 

H. Kitahata, NY, K. H. Nagai  and S. Yutaka, PRE 84 015101  (2011) 

concentration velocity field 



Pattern and motion 

 

 

scrolling pattern 

spiral pattern 

experiment theory 

experiment 

theory 

H. Kitahata, NY, K. H. Nagai  and S. 

Yutaka, Chem. Lett.  (2012) 



Summary and Remarks 
• Spontaneous motion and deformation  

▫ The amplitude equations for spontaneous symmetry breaking of 
self-propulsion is obtained.   

▫ Force moment and flow are characterized as a pusher. 

• Motion and pattern formation 

▫ Pattern induced by chemical reaction makes a droplet motion. 

• Future works 

▫ Collective phenomena, and hydrodynamic theory 

▫ Fluctuation (Langevin, stochastic PDE) 

▫ Complex fluid inside a droplet 
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