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Masakazu Kuze, (22° Mai Tateishi,® Yoshikatsu Hayashi,“ Muneyuki Matsuo
and Satoshi Nakata (2 **

To elucidate significance of nonequilibrium at an air/aqueous interface during self-propulsion of a
camphor object, oscillatory motion of a self-propelled object composed of a smaller camphor disk and
larger plastic disk floating on an aqueous Na,SO, phase was investigated. Both the frequency and
maximum speed of the oscillatory motion decreased with an increase in the concentration of Na,SOy4 in
the aqueous phase, C;. The decrease in the frequency of the oscillatory motion is attributed to the
dissolution rate of camphor in the aqueous phase as a function of C;. The frequency of the oscillatory
motion was numerically calculated as a function of the dissolution rate constant, k, and the saturated
concentration of camphor in the aqueous salt solution, Co. The decrease in the maximum speed of the
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oscillatory motion as a function of C; was reproduced by the difference in the surface tension (Ay) as
the driving force of motion and the friction coefficient of motion (x) which corresponds to the viscosity
of the aqueous phase. This study proposes that the nature of self-propulsion can be controlled by the
dissolution into the bulk water phase as the 3D space and the nonequilibrium adsorption of energy
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Introduction

Living organisms move self-sustainably and autonomously under
non-equilibrium conditions. Inanimate self-propelled objects with
self-sustainability under nonequilibrium conditions are attracting
attention for the development of life-like autonomous robots.™
Symmetric and asymmetric self-propelled objects composed of
camphor, referred to as camphor floats and camphor boats,
respectively, have been investigated as models of active matter.>®
The characteristic self-propulsion of a single camphor object,
including translational, rotational, reciprocating, and oscillatory
motions, as well as the collective motions of camphor objects, such
as synchronized self-propulsion, chain oscillation, and compressive
wave motion, have been reported.”'*> Notably, the physical or
chemical environments induce characteristic information, ie.,
the amplitude and the frequency in oscillatory motion of a self-
propelled camphor float.”****
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source molecules on the interface as the 2D space.

The nonequilibrium in a self-propelled camphor object
placed on the surface of water is due to surface cleaning caused
by the desorption of camphor molecules adsorbed on the water
surface. Many theoretical models of self-propelled systems have
been reported, in which camphor molecules are supplied from a
source to the water surface.”"*® Whether the desorption of
camphor molecules from the surface of water into the bulk phase
is attributable to sublimation into the air or dissolution into the
water phase remains unclear. Because theoretical studies reported
in 2021 indicated that dissolution is more effective than sublima-
tion for camphor desorption from the surface,"® models of a self-
propelled camphor object that consider dissolution and sublima-
tion as mechanisms for the desorption of camphor from the
surface have been reported.”®>® The effect of both dissolution
and sublimation of the camphor molecules on the self-propulsion
has also been experimentally evaluated. For example, the oscilla-
tory motion and bifurcation of the motion mode are affected by
the desorption of camphor from the surface of the aqueous
medium into the bulk aqueous phase owing to changes in the
sublimation and dissolution rates with temperature** or the
formation of complexes with amphiphilic molecules.'**>>
Although the existing account of the desorption of camphor
molecules from the surface into the solution has begun to attract
attention, the effect of camphor dissolution on desorption has not
been experimentally distinguished from that of sublimation.

In this study, the effect of the dissolution of camphor
molecules in water is demonstrated by the oscillatory motion
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of self-propelled camphor float on an aqueous Na,SO, solution.
Na,SO, is used to control the dissolution rate of the camphor
molecules, where the effect of Na,SO, on the surface tension
and viscosity is considered. The frequency and maximum speed
of the oscillatory motion decrease as the concentration of
Na,SO, in the aqueous phase increases. The decrease in the
frequency of the oscillatory motion is numerically calculated
using the diffusion equation by applying the experimentally
obtained dissolution rate constant and saturated concentration
of camphor in aqueous Na,SO, solution. The decrease in the
maximum speed of the object is attributed to the surface
tension as the self-propulsion force and the viscosity of the
aqueous Na,SO, solution. We propose that nonequilibrium in
the self-propelled camphor system is triggered by the dissolu-
tion of camphor in the bulk phase.

Materials and methods

Na,SO, was purchased from NACALAI TESQUE, Inc. (Kyoto,
Japan). (+)-Camphor was purchased from FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan). A camphor disk with a
diameter of 3.0 mm, thickness of 1.0 mm, and mass of 5 mg was
prepared according to the processes described in the previous
work.”® Fig. 1 shows a schematic of the self-propelled object
composed of a solid camphor disk and a plastic polyester disk
(diameter: 10 mm, thickness: 0.1 mm). This object is called a
camphor float. The camphor float was placed in an aqueous
Na,SO, solution (volume: 30 mL, depth: 5 mm) in a Petri dish
(inner diameter: 86 mm). Water was purified by filtration through
active carbon, ion-exchange resin, a water distillation apparatus
(RFD240ONC, ADVANTEC Co., Ltd, Tokyo, Japan), and Millipore
Milli-Q filtering system (Merck Direct-Q 3UV, Germany; resis-
tance: 18 MQ cm). The experiments were performed at least three
times under each experimental condition to confirm the repro-
ducibility of the results. The motion of the camphor disk was
monitored using a digital video camera (HDR-CX485, SONY,
Tokyo, Japan; minimum time resolution: 1/30 s) in an air-
conditioned room at 298 + 2 K. The motion of the camphor
float was analyzed using Image] software (National Institutes of
Health, Bethesda, MD, USA). The surface tension at the air/
aqueous interface was measured using a surface tensiometer
(DY-300, Kyowa Interface Science Co., Ltd, Saitama, Japan). To
evaluate the dissolution rate of camphor in aqueous Na,SO,
solution, six camphor disks were floated in the aqueous phase
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Fig. 1 Schematic of (a) camphor float and (b) experimental system (side-
view).
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with different concentrations of Na,SO, (0.5, 1.0, 1.5, and 1.7 M),
and the mass of the disks was measured at different times after
removing the moisture from the camphor disks, according to the
processes described in the previous study.?®

Results

The self-propulsion of camphor floats in aqueous solutions with
different concentrations of Na,SO, (C;) was examined, as shown
in Fig. 2. The oscillatory motion between rest and motion was
maintained for at least 20 min without Na,SO, (Fig. 2a). Both
the frequency and amplitude of the oscillatory motion
decreased with an increase in C; (Fig. 2b and c). Here, 1.7 M
is close to the saturated concentration of Na,SO, in water. The
trajectories of the oscillation were produced by random motion
in 0, 1.0, and 1.7 M Na,SO,.

Fig. 3 shows the frequency and maximum speed of the
oscillatory motion of the camphor float as a function of C;. Both
the frequency and the maximum speed of the oscillatory motion
decreased with increasing Ci;.

The saturated concentration of camphor, C,, and the
amount of camphor dissolved in the aqueous Na,SO, solution
were measured as a function of time. The measured C, decreased
with increasing Cj, as shown in Fig. 4a. Measurement of camphor
dissolution in the aqueous Na,SO, solution is described in the
ESIt (see Fig. S2 and S3). The camphor concentration, C,
increased linearly with time, as shown in Fig. S2 (ESIt). The
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Fig. 2 Oscillatory motion of camphor float with variation of Na,SO4
concentration, C; = (a) 0, (b) 1.0, and (c) 1.7 M. (1) Time-variation of the
speed of motion for camphor float and (2) trajectories on the center
position of camphor float on the surface of aqueous phase (top-view) at
t = 0-20 min. The time interval of motion was 1/3 s. The dotted circles in
(2) correspond to the Petri dish. Movies showing the motion in (a), (b), and
(c) are provided in the ESIt as Movies S1, S2, and S3, respectively. The
speed and motile length of the individual pulse-like motion were analyzed
and shown in Fig. S1 (ESIT).
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Fig. 3 (a) Frequency and (b) maximum speed of oscillatory motion

depending on the concentration of Na,SO,4, C;. Error bars represent

standard deviation.
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Fig. 4 (a) Co as a function of C; Error bars represent the standard
deviation of three experiments. (b) Dissolution rate constant of camphor,
k, as a function of C; obtained from Fig. S2 (ESI+).

dissolution rate constant of camphor, £, in the aqueous phase as
a function of C; was estimated using the values of C, and C,
where In(1 — C/C,) = —kt; the surface area of the camphor disk
was constant.”® The value of k increased as a function of C;
(Fig. 4b).

The surface tension, y, and the viscosity, 1, were individually
measured to elucidate the relationship between the maximum
speed of oscillatory motion and C; in the aqueous phase, as
shown in Fig. 5. y for the aqueous Na,SO, solution with
camphor was lower than that of the solution without camphor
at the examined Na,SO, concentration (Fig. 5a). With increas-
ing Cj, v increased for both the aqueous Na,SO, solution with
camphor and that without camphor. The difference in y for the
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- (a) o (b)
e [}
P o o «» 20 o
S o Ky o
~ 70 =
= E st o
o ° <
7] > o
5 o G 10f
® 60 8 o
g o S
5 05
2 [}

s0LL L L L L L L L

0 0.5 1.0 15 2.0 0.5 1.0 15 2.0

0
Conc. of NapS0y, Ci, M

Fig. 5 (a) Surface tension, y, and (b) viscosity, 1, of aqueous solution with
camphor (filled circles) at Co and without (empty circles) camphor
depending on C;.
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aqueous Na,SO, solutions with and without camphor also
decreased. 1 increased with increasing Cj, as shown in Fig. 5b.

Discussion

Based on the experimental results and pertinent papers,®**2>*2

the dynamics of camphor floats are numerically calculated to
explain the mechanism of the decrease in the frequency and
maximum speed of oscillatory motion in the aqueous Na,SO,
solution. We found that pulse-like motility in Fig. 2 is due to the
accumulation of camphor molecules at the basement of the
plastic disk and spilling out of camphor molecules to the water
surface.”®?® As reported in our previous papers, the frequency
of oscillation depends on the diffusion length of camphor at
the bottom of the plastic plate and the threshold concentration
of the aqueous camphor solution were required to accelerate
from the resting state.®>*2”

First, the maximum speed of the oscillatory motion is
described as a function of C; (Fig. 2 and 3b). The equation of
motion is given by:

mdv/dt = Ayl — v, (1)

where m is the mass of the camphor float, v is the speed of
motion, and Ay is the difference in the surface tension at both
edges of the camphor float, i.e., Ay = y, — y.. Here, y, is the
surface tension of the aqueous Na,SO, solution without cam-
phor (empty circles in Fig. 5a) and 7. is the surface tension of
the aqueous Na,SO, solution with saturated camphor (filled
circles in Fig. 5a); [ is the contact length of the camphor float on
the aqueous phase and y is the friction coefficient of motion. u
may be proportional to #, i.e., u = an, where a is a positive
constant.>**! It is assumed that the speed of motion reaches its
maximum value, Vi,ax, When the system reaches a steady state,
that is, dv/d¢ = 0. At the steady state, eqn (1) can be rewritten as:

Vinax = (/@) x (Ay/n)- 2)

Eqn (2) suggests that V.. is determined by Ay/y in the
present system. There is a correlation between V.« and Ay/y, as
shown in Fig. 6.

The frequency of the oscillatory motion as a function of C;
was numerically calculated (Fig. 2 and 3a). The diffusion of
camphor molecules supplied from the camphor disk is
expressed by the one-dimensional coordinate x (m):"*

0 0
EC(V’Q f) = D@C(X, 1)7 (3)

where C(x, t) is the camphor concentration at x and ¢ (s), and D
(m? s™") is the camphor diffusion coefficient. The origin of the
coordinate system is set at the edge of the camphor disk. For
the boundary conditions on one side of the 1D coordinate
system, the concentration of camphor at the edge of the
camphor disk is described by C(0, ¢). The effect of the camphor
dissolution rate was evaluated as a function of C;, where the
surface area of the camphor disk was constant (Fig. S2, ESIT).
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The dynamics of camphor dissolution from the disk are
given by:

dc(o, ¢)/dt = k(Co — C). (4)

For the boundary condition on the other side, it was assumed
that the concentration of camphor in the bulk near the air/water
interface, C(0.0035, ), should be zero far from the camphor float
because the distributed camphor molecules in the aqueous
phase sublimate into the air phase and dissolve in the aqueous
phase. Additionally, the initial value of C(x, 0) was set to zero.
Fig. 7 shows the numerical results for the frequency of the
oscillatory motion depending on C; based on eqn (3) and (4). In
the numerical calculation, the time required for the concen-
tration at the edge of the plastic plate (x = 0.0035) to reach a
threshold value (Cy), t., is regarded as the period of the
oscillatory motion, assuming that this threshold concentration
could provide a surface tension difference as a driving force.
Here, Cu,, was experimentally obtained. Actually, camphor
solutions with different concentrations were dropped near the
edge of a plastic disk floating on the water surface. When the
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L
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Fig. 7 Frequency of oscillatory motion obtained from numerical calcula-
tion (empty squares) and experiments (filled squares). Error bars in the
experimental results represent the standard deviation.
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concentration of the camphor solution was 0.4 mM, the plastic
disk started to move drastically. Thus, we used this value as Cyj,.
In other words, 1/¢. is regarded as the frequency of the oscilla-
tory motion. The experimentally determined frequency of the
oscillatory motion was qualitatively reproduced by the numer-
ical calculations (Fig. 7). In other words, the frequency of the
oscillatory motion is determined by the dissolution rate of the
camphor molecules, which depends on C;. The camphor dis-
solution rate is represented by k and C,, as indicated in eqn (4).
C, decreased with increasing C; (Fig. 4a), resulting in decreased
dissolution rate. In contrast, k increased with increasing C;
(Fig. 4b). k must be influenced by physical properties such as
the viscosity of the aqueous phase and the shape of the camphor
float because of advection in the aqueous phase which was
significantly affected by the Marangoni flow or sublimation.

The relationship between dC(0, ¢)/d¢ and kC, was evaluated.
From Fig. S2 (ESIt), it is reasonable to set ¢ « 1/k; thus, eqn (4)
is transformed into:

dc(o, t)/dt = kCy. (5)

The frequency of the oscillatory motion was found to be
proportional to kC, (Fig. S4, ESIT). This is consistent with the
assumption that the frequency of the oscillatory motion is
determined by kC, in the camphor float system.

Conclusions

By varying the concentration of Na,SO, salt, the dissolution
dynamics of camphor in solution was manipulated, resulting in
changes in the surface tension, dissolution rate, and viscosity of
the solution. As a plausible mechanism, the self-propulsion of
camphor floats is driven by dissolution of the camphor molecules
in the aqueous phase. The frequency and maximum speed of the
oscillatory motion decrease with increasing concentration of
Na,S0, in the aqueous phase. Using the experimentally obtained
values for the surface tension at various Na,SO, concentrations
with or without camphor, dynamic analysis based on the equation
of motion showed that the maximum speed of the oscillatory
motion depending on the concentration of Na,SO, is determined
by the surface tension difference, as a self-propulsion force. In
addition, the viscosity of the aqueous Na,SO, solution contribu-
ted to the resistance to the motion of the camphor disk. The
frequency of the oscillatory motion depending on the concen-
tration of Na,SO, was explained by a diffusion equation, indicat-
ing that the self-propulsive nature of the camphor float was
determined by the dissolution rate constant, k, and the saturated
concentration of camphor in the aqueous salt solution, C,. This
study experimentally and theoretically pioneers dissolution-based
regulation and provides novel frontiers for self-organized cam-
phor systems.
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