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Lubricated motion of a rigid sphere in an elastic tube  
 

PMMH-ESPCI, Paris, FRANCE  
Marie TANI, Thomas CAMBAU, José BICO and Etienne REYSSAT 

 
 

Introduction  
The motion of large objects through narrow tubes is a common problem in physiology and 
more generally in the biological world. We address this problem with a model experiment 
where a rigid sphere is displaced at constant velocity inside a narrower elastic tube. We 
investigate both the dry sphere/tube contact and the lubrication by a fluid layer.  

 
Results and Discussion  

The friction force in the dry case is well described by the Coulomb law with the pressure 
generated by the stretched tube. In the lubricated case, the force is generally lower than 
that in the dry situation. Interestingly, the force increases with  to the power 1/3, 
where  is the viscosity of the lubricant and  is the pulling velocity. The force also 
depends on the geometry and the mechanical properties of the tube. All our experimental 
data are well described by a scaling law combining lubrication and elasticity equations. 
We furthermore measured the thickness of the lubricant film and found that measured 
values well suit with our prediction. 
 

 
 
 
 
 
 

Figure: (a) Large sphere pulled in a narrow lubricated elastomer tube: the pulling force 
is found proportional to the velocity to the power 1/3, and also depends on the viscosity 
of the lubricant, the geometry and the mechanical properties of the tube. (b) A series of 
pictures during a typical experiment (the radius of the sphere mm and the inner 
radius of the tube ).  

Silicone oil

(a) (b) 
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    Chem. Technol. 54, 15 (1981); K. Tsunoda, et al., J. Mater. Sci. 35, 5187 (2000). 
 [2] N. Sakumichi and K. Okumura, Scientific Reports 7, 8065 (2017). 
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(1) K. Holmberg, P. Andersson & A. Erdemir: Global Energy Consumption due to 
Friction in Passenger Cars, Tribol. Int., 47 (2012) 221. 
(2) H. Sakuma, K. Otsuki & K. Kurihara: Viscosity and Lubricity of Aqueous NaCl 
Solution Confined between Mica Surfaces Studied by Shear Resonance Measurement, 
Phys. Rev. Lett., 96 (2006) 046104. 
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Field-driven Pattern Formation in Nematic Liquid Crystals: Mesoscopic Simulations of 
Electroconvection 

Kuang-Wu Lee 
CREST, JST (JPMJCR1424), 京都大学 理学研究科 

Abstract 
As an environment of rich pattern formation, electroconvection (EC) of nematic liquid 
crystals (LCs) is studied via fully nonlinear simulation for the first time. Previously, EC is 
mostly studied by experiments or by linear/weakly nonlinear hydrodynamic theory, of its 
instability criteria. While the negative dielectric LCs are used in most EC analytic and 
experimental investigations, EC with positive dielectric LC is only limited to experiments 
due to its more complex nonlinear behavior. In this work we take a step beyond the existing 
weakly nonlinear EC research by using a fully nonlinear particle-based simulation.
To investigate the distinct dynamics of positive and negative dielectric LCs, we modify the 
molecular potential in the LC stochastic rotational model (LC SRD)1 to incorporate the 
dielectric characteristics and the field-particle interaction. As results, different convection 
patterns known in EC experiments are observed in our simulations, for which those 
patterns appear orderly as a function of external field strength. The simulated director 
and flow fields correspond each others well as found in experiments.For the positive 
dielectric LC, we discovered a net directional flows2 accompanying the traveling EC rolls. 
This numerical model and its hydrodynamic analysis could be used for precise flow control 
in micro-scale, such as nematic colloidal transportation in microfluidics.
【結果と考察】 

Figure. The typical EC with negative dielectric LCs is shown here. Panel a is the x-y 
projection of the directors, while panel c is the x-y projection of the flows. The middle panel 
b shows the bound charges 
seen in the x-y plane, for which it is calculated according to Poisson’s equation for 
dielectric materials. 
【参考文献】 
(1) K.-W. Lee and M. G. Mazza, J. Chem. Phys., 2015, 142, 164110. 
(2) K.-W. Lee and Thorsten Poeschel, RSC Advances, 2017, 7, 42218 
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Some new aspects of three-sphere swimmers 
 

Tokyo Metropolitan University Shigeyuki Komura 
 

First, we discuss the locomotion of a three-sphere microswimmer [1] in a viscoelastic mediumand 
propose a new type of active microrheology [2]. We derive a relation that connects the average 
swimming velocity and the frequency-dependent viscosity of the surrounding medium. In this relation, 
the viscous contribution can exist only when the time-reversal symmetry is broken, whereas the elastic 
contribution is present only when the structural symmetry of the swimmer is broken. Purcell's scallop 
theorem breaks down for a three-sphere swimmer in a viscoelastic medium. 
  Next, we discuss the dynamics of a generalized three-sphere microswimmer in which the spheres 
are connected by two elastic springs [3]. The natural length of each spring is assumed to undergo a 
prescribed cyclic change. We analytically obtain the average swimming velocity as a function of the 
frequency of cyclic change in the natural length. In the low-frequency region, the swimming velocity 
increases with frequency, and its expression reduces to that of the original three-sphere model by 
Najafi and Golestanian. Conversely, in the high-frequency region, the average velocity decreases with 
increasing frequency. Such behavior originates from the intrinsic spring relaxation dynamics of an 
elastic swimmer moving in a viscous fluid. 
  Finally, we discuss the directional motion of an elastic three-sphere micromachine in which the 
spheres are in equilibrium with independent heat baths having different temperatures (see Fig.1) [4]. 
Even in the absence of prescribed motion of the springs, such a micromachine can gain a net motion 
due purely to thermal fluctuations. A relation connecting the average velocity and the temperatures of 
the spheres is analytically obtained. This velocity can also be expressed in terms of average heat flows 
in the steady state. Our model suggests a new mechanism for locomotion of micromachines in 
nonequilibrium biological systems. 
 

 
Fig.1: Thermally driven elastic three-sphere micromachine in a viscous fluid. 
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ポワズイユ流れ中のアクティブソフトマターのダイナミクス 

（京都大学　福井謙一記念研究センター）多羅間充輔 

【はじめに】 
自分自身の内部で化学エネルギーなどを力学的な力に変換し、対称性を破ることで自律的に
運動するものをアクティブマターと呼ぶ。たとえば生物系で見られる多くの運動はその例で
あり、微生物から生体細胞やマクロな生物個体まで様々なものが含まれる。また人工物質の
系でも、たとえば水面に置かれた樟脳粒や油やアルコールの液滴などは、界面エネルギーの
不均一性により自律的に運動することが知られている。またヤヌスコロイド粒子も表面での
化学反応などにより自発運動を示すことがある。 

外界からの影響を受けるときのアクティブマターは、自発的な運動と受動的な運動とが拮抗
することで、興味深いダイナミクスを示す。そのような外界からの刺激には化学的なものと
力学的なものとがある。特に、流体中あるいは流体の表面を泳動する粒子に対して、周囲の
流体の影響は無視できない。 

アクティブマターの流れの中での運動を理論的に研究するとき、しばしば、線形剪断流(1)や
ポワズイユ流、円形流れ(2)などの特徴的な流れを仮定する。本研究では、ポワズイユ流れの
中でのアクティブマターの運動を考える。 

【結果と考察】 
粒子が硬く変形しない場合は、これまでに運動の解析が行われてきた。特に円形や楕円型の
粒子の場合、流れの中心線の周りを振動しながら運動するswinging motionと、粒子の回
転を伴って運動するtumbling motionとが存在することが報告された(3)。 

我々は、自己推進する液滴などのように、粒子の形が変形する場合について理論的に解析を
行った。最低次の形の変形モードである楕円型の変形を考慮し、周囲の流れ場の影響下での
アクティブソフトマターの運動を記述するモデル(4)を用いた。対称性から変形の長軸の方向
に進む傾向のある「痩せた」粒子と短軸に沿って運動する「太った」粒子とが考えられる。
粒子が硬い場合にも「痩せた」粒子と「太った」粒子とが考えられるが、この場合には運動
に質的な違いは見られなかった。一方で、粒子が柔らかく変形の自由度があるとき、これら
二つの粒子は質的に異なるダイナミクスを示すことを発見した(5)。 

【参考文献】 
(1) M. Tarama, A.M. Menzel, B. ten Hagen, R. Wittkowski, T. Ohta, and H. Löwen, J. Chem. Phys. 

139, 104906 (2013). 
(2) M. Tarama, A.M. Menzel, and H. Löwen, Phys. Rev. E 90, 032907 (2014). 
(3) A. Zöttl and H. Stark, Phys. Rev. Lett. 108, 218104 (2012); Eur. Phys. J. E 36, 4 (2013). 
(4) M. Tarama, J. Phys. Soc. Jpn., 86, 101011 (2017). 
(5) M. Tarama, Phys. Rev. E 96, 022602 (2017).
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