AL Fm X 0 EOF

i SCRE H Bifurcation of Oscillatory Motion in Self-Propelled Objects at an Air/Water Interface
OKHEIBAET D B BRI 1T 2 R EhES) O 73 I8 5L 5)

NSy NEy N T e Sy S e R
B EmBl YT m 7T A

FAEE D196399

K 4 XU YU

Self-propelled objects are used to describe that the objects can autonomously move by converting energy
from the environment. Various types of self-propelled objects have been studied to understand the mechanism
of characteristic motion and to create artificial motors that respond to the change in the external environments
[1, 2]. However, the autonomy of non-living systems is low, since the self-propelled objects in non-living
systems exhibit generally unidirectional or random motion. The biological systems (e.g., bacterial, walking, or
swimming animals) have inspired the design and enhancement of the autonomy of these objects. Because the
nonlinear phenomena (e.g., oscillation, synchronization, and bifurcation) are frequently observed in biological
systems, this suggests that the autonomy of non-living systems is lower than that of biological systems. Several
studies have indicated that the autonomy of the self-propelled objects can be enhanced by coupling a nonlinear
phenomenon with a self-propelled motion [1, 2]. In this research, I designed three types of self-propelled objects
by introducing the nonlinear phenomena to study the characteristic features of the motion and explain the

mechanism of the characteristic motion.

A camphor disk on the water surface is one of the simple and available self-propelled objects since it is
easy to manufacture and exhibits motion keeping long time. The driving force of motion is the difference in the

surface tension generated by the camphor molecules around the object. Therefore,
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motion by controlling the dissolution of camphor molecules from the camphor

disk. In this section [3], the oscillatory phenomenon was introduced into the self-
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propelled motion by the addition of the surfactant. I designed a self-propelled
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reducing the surface tension of water. The camphor object shows the oscillatory motion (alternation between the
resting and moving states) and no motion depending on the varying contact area (Figure 2). Motion features,
that is, the maximum speed, frequency of oscillatory motion, and mode bifurcation, varied depending on S. With
an increase in S, the period of oscillatory motion is maintained and the maximum speed is increased. I discussed
the mode bifurcation and motion features based on the number of camphor molecules accumulated at the base
of the object and the formation of the SDS—camphor complex. In the case of no motion at a smaller S, the SDS
molecular layer adsorbed on the surface of the aqueous phase inhibits the development of the complexes and
camphor molecules to the surface of the aqueous phase. In the case of a larger S, a large number of the SDS—
camphor complex around the object as a driving force can accelerate the camphor object. The results suggest
that the nature of the oscillatory motion can be controlled by the contact area between the self-propelled and the

external enverinment.

In this section [4], the speed of the self-propelled camphor disk placed on the sodium dodecyl sulfate (SDS)
aqueous phase depending on the depth of the aqueous phase (d) was described. The speed of the self-propelled

motion for the deeper aqueous phase was higher than that for the shallower

aqueous phase at the concentration of SDS (Csps) lower than 0.1 mM. & ®d=28mm
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at the Csps higher than 0.3 mM (Figure 3). A bifurcation of Csps for the e

dependence of speed on depth was observed at 0.2 mM. The change in

However, a reverse dependence of speed on the water depth was observed

N
(=]
1

surface tension of SDS solution after the addition of the camphor disk, and

Speed / mm g
*

effective diffusion of the camphor on the aqueous surface at different

depths were measured to verify the inversion mechanism of the

S
1
74.(7*_ - i -

dependence. In addition, the opposite dependency is qualitatively

reproduced by numerical calculation based on the Navier-Stokes equation, 0w ”
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Figure 3. Average speed of the self-propelled
motion of a camphor disk versus Csps
depending on the concentration of SDS at
different depths of the aqueous phase, d.

camphor. Based on the results of experimental and numerical calculation,
the opposite dependency is explained as follows, at the lower Csps, a
deeper aqueous phase induces a stronger Marangoni flow and a greater
effective diffusion coefficient (D) since the lower friction at the bottom wall. In contrast, at the higher Csps, the
number of camphor molecules is lower in the deeper aqueous phase since the formation of the SDS—camphor
complex. This induces strong Marangoni flow and a greater D for the shallower aqueous phase. Combined, the
opposite dependence of speed on the depth was determined by the competition between the consumption rate of
SDS in the aqueous phase and the friction of the bottom wall.
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achieve the mode change of motion for the urease motor by controlling the initial = Figure 4 . Schematic diagram of the
pH (pHini) of an aqueous solution. The driving force of self-motion for the urease esse moter

motor was the difference in surface tension induced by the ammonia produced by the enzyme reaction. The
oscillatory motion of the urease motor was observed at pHixi = 5.0 and 5.5. In contrast, at lower and higher pHini,

the urease motor exhibits no motion (Figure 5). A bifurcation between oscillatory motion and no motion was



observed at pHini = 4.0 and 6.5. The
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mechanism and nature of the oscillatory motion are discussed based on

around the urease motor. The mechanism of the oscillatory motion at e ——
pHini = 5.0 was schematically shown in Figure 6. At State I, the urease

motor remains the resting state since the rate of the enzyme reaction is low at the lower pHini. As the pH increases
by the production of ammonia around the tail of the motor, the autocatalytic production of ammonia was induced
by the increase in pH since the increase in the enzyme activity. When the concentration of ammonia reaches the
threshold value, the urease motor can be accelerated by the difference in the surface tension around the urease
motor at State II. At State 111, the urease motor returns to the resting state because the motor moves to a point on

the aqueous surface with a lower pH. Thus, oscillatory motion is repeated between resting and moving states.

In summary, I designed three self-propelled objects that show the characteristic nonlinear phenomena,
which can respond to the internal and external environments. In this research, I achieved the enhancement of the
autonomy in self-propelled objects and the molecular control of the characteristic features of motion. The
mathematical model was constructed to reproduce the experimental results. In addition, coupling chemical
reactions to self-propelled objects is one of the breakthrough ideas to promote the autonomy of self-propelled
objects. This study provides several strategies for designing self-propelled objects and explanations regarding
the motion mechanism. It is significant from both fundamental and practical perspectives to understand how

self-propelled objects exhibit regular motion and to establish ways of controlling their motion.
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