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Height-dependent oscillatory motion of a plastic

".) Check for updates‘
cup with a camphor disk floated on waterf

Cite this: Phys. Chem. Chem. Phys.,

2023, 25, 14546

Risa Fujita, Nami Takayama, Muneyuki Matsuo, 2 Makoto lima ‘2 and

Satoshi Nakata (2 *

We have developed a self-propelled object, which is composed of a plastic cup and a camphor disk, on
water to reflect its three-dimensional shape in the nature of motion. The self-propelled object, of which
the driving force of motion is the difference in the surface tension, exhibited oscillatory motion between
motion and rest. The period and the maximum speed of oscillatory motion increased and decreased
depending on the height of the cup, h, respectively. Two types of diffusion coefficients were estimated
based on the diffusion of camphor molecules which were indirectly visualized using 7-hydroxycoumarin.
The experimental result on the period of oscillatory motion depending on h could be reproduced by the
numerical calculation based on the diffusion of camphor molecules around the object and the diffusion
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coefficients which were experimentally estimated. The experimental results suggest that characteristic
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Introduction

Many kinds of inanimate self-propelled objects have been
developed to transport in a small space and respond to the
external stimulation, e.g., chemotaxis and phototaxis.’™® Some
of objects can be driven by the difference in the surface tension
around them when floating on water.”® The motion direction
depends on the shape of the water chamber, that is, the
internal or external boundaries in contact with the water
surface.’®** This dependency suggests that the spatial distri-
bution of a surface-active substance emanating from an object
on water is influenced by the boundaries of the container.
However, because its motion is restricted to an air-water surface,
most of the previous reports have only considered the two-
dimensional spatial distribution of a surfactant.

A camphor boat or a camphor disk, wherein the driving force is
the difference in the surface tension around the object floated on
water, has been investigated as a simple inanimate system since the
camphor systems are easily manufactured.'®® In addition, sustain-
able motion can be observed for 1 h, ie., the time that the non-
equilibrium camphor concentration around the object is
maintained.'® Camphor systems also exhibit characteristic motion
sensitive to the boundary shape.'*"*
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features of motion can be created based on the three-dimensional shape of the object.

In order to consider not only the two-dimensional diffusion
of camphor molecules at the air-water interface but also the
three-dimensional diffusion of camphor molecules in water, we
studied a self-propelled object with camphor disks glued inside
a plastic cup placed on water. The period and the maximum
speed of oscillatory motion depended on the cup height. These
results are discussed in terms of the distance travelled by
camphor molecules in the cup and the amount of molecules
leaving the cup. The oscillation period was quantitatively
reproduced by numerical calculations based on two modes
of camphor diffusion. The characteristic features of self-
propulsion can be adjusted by changing the size and shape of
the three-dimensional object.

Marangoni flows due to the concentration gradient of cam-
phor around the disk were observed in the present system. The
influence of the Marangoni flow on self-propulsion has been
reported.”®*>?”%° That is, the speed of the camphor disk is
sensitive to the depth of the narrow water chamber, but is not
sensitive to the depth of the water chamber with a large surface
area such as the present system. Therefore, we discuss the
period of oscillatory motion based on the diffusion of camphor
molecules in the present paper.

The motion of self-propelled objects on water was generally
reflected in the shapes of their two-dimensional boundaries. In
comparison with these objects, we proposed a novel self-
propelled object which is created three-dimensionally in this
study. In addition, the experimental results on the period of
oscillatory motion have not been well reproduced by numerical
calculations in our previous paper.'® In the present study, the
experimental results on the period of oscillatory motion
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depending on 7z have been very well reproduced by numerical
calculations since we succeeded in indirectly visualizing the
diffusion of camphor molecules around the camphor boat.

Experimental

(+)-Camphor was purchased from Wako Chemicals (Osaka,
Japan). Water was purified by filtering through active carbon,
ion-exchange resin, and Millipore Milli-Q filtering system
(Merck, Germany; resistance: 18 MQ cm). Fig. 1 shows a
schematic of the self-propelled object composed of a camphor
disk (diameter: 3 mm, thickness: 1 mm, mass: 5 mg) and a
plastic cup. The plastic cup was made using a three-
dimensional plotter (Roland, SRM-20, Japan). Water (volume:
100 mL) was poured into a glass Petri dish (inner diameter:
155 mm; depth: 15 mm) as the water phase (depth: 6 mm). The
self-propelled object was carefully placed on water to prevent
air from entering the cup. The cup height, i, was varied to
examine the effect of camphor molecule diffusion dissolved
from the disk on the oscillatory motion at 2 = 0, 0.5, 1.0, 1.5,
and 1.8 mm.

To indirectly visualize the camphor molecule distribution under
the plastic cup, a solid disk (diameter: 3.0 mm; thickness: 1.0 mmy;
mass: 5 mg) was prepared with 1 wt% 7-hydroxycoumarin (7-HC)
and 99 wt% camphor. A self-propelled object for visualization
composed of a plastic cup and solid disk was placed on water
(volume: 10 mL) in a glass Petri dish (diameter: 45 mm), and
then observed under UV irradiation (wavelength: 365 nm, AS
ONE Corporation, Handy UV Lamp UV-16, Japan) from above in
a dark box. The concentration of camphor (C.,m) was estimated
based on a calibration curve obtained from the intensities of
the green channel () in an image of 7-HC solutions with several
concentrations (Fig. 4). At least 4 self-propelled objects were
used for each experimental condition to confirm the reprodu-
cibility of the results. The object motion was monitored using a
digital video camera (SONY, HDR-CX590, Japan; minimum
time resolution, 1/30 s) and the images were analysed using
an image processing system (National Institute of Health,

Camphor disk
Overhead view
Plastic cup

Bottom view 0.5 mm
Air

Water O
Side view

Fig. 1 Schematic illustration of the self-propelled object composed of a
plastic cup and camphor disk. The height of the cup, h, was changed as a
variable parameter (h = 0, 0.5, 1.0, 1.5, or 1.8 mm).
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Bethesda, Image J, USA). Experiments were performed in an
air-conditioned room at 293 + 2 K. Numerical calculations were
performed using the formula manipulation software, Mathe-
matica (Wolfram).

Results

First, the self-propelled object was placed on water and
observed with variable cup height, . Fig. 2 shows the time
variation of the self-propulsion speed at different values of A.
An oscillatory motion between rest and rapid acceleration was
observed in the examined % values (Movies S1-S3, ESIT). With
increasing 7%, the oscillation period increased and the max-
imum speed decreased. Fig. 3a and b show the average values
of the period and the maximum speed of the oscillatory
motion, Vmay, respectively. The period of oscillatory motion
exhibited a linear dependence on 4, whereas vy,,x monotoni-
cally decreased with increasing 4.

The distribution of camphor molecules was measured indir-
ectly using 7-HC to evaluate the camphor concentration varia-
tions in the plastic cup. Fig. 4a and b show snapshots of the
self-propelled object from a top view at 4 = (a) 0 and (b) 0.5 mm.
At h = 0 mm, 7-HC molecules dissolved from the solid disk
isotropically diffused at ¢t = 0 and 45 s, anisotropically at ¢ = 95
and 110 s, and finally spilled out from the plastic disk at t = 135
and 155 s (Fig. 4a). Shortly after the spill, the object moved in
the opposite direction to that of the 7-HC spill. Similar beha-
viour was observed at 2 = 0.5 mm (Fig. 4b). The diffusion length
(L) under the plastic cup and diffusion time of the camphor
molecules beside the plastic cup were analyzed to evaluate their
diffusion coefficient under the plastic cup as the minimum
diffusion length (Fig. 4c, Fig. S3 and Table S1, ESIt). The green
colour intensities were analysed at points P;, and P near the
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Fig. 2 Time variation of the self-propelled object speed at h = (a) O,
(b) 1.0, and (c) 1.8 mm. See also Movies S1-S3 (ESI}).
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Fig. 3 (a) Period and (b) vnax of the oscillatory motion of the self-

propelled objects as a function of h.
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Fig. 4 Snapshots of the self-propelled objects from a top view under UV
irradiation for h = (a) 0 and (b) 0.5 mm. (c) Time variation of the diffusion
length (L) under the plastic cup. After t = 155 and 220 s, the object was
accelerated at h = 0 and 0.5 mm, respectively (Movies S4 and S5, ESIT).

inner walls of the plastic cup and around the solid disk in the
diffusion region (Fig. S1a, ESIT). The average values of I;,/Iris
before acceleration were 0.92 £ 0.01 and 1.00 + 0.03 at 7 =0
and 0.5 mm, respectively (Fig S1b, ESIt). Based on snapshots of
the self-propelled objects from the top view after 1/3 s of
acceleration, the camphor concentrations remaining in the
cups were evaluated at # = 0 and 0.5 mm (Fig. S2, ESIt). After
the acceleration of the object, the amount of camphor remain-
ing in the cup at z = 0.5 mm was larger than that at # = 0 mm
(Fig. S2c, ESIY).

In Fig. 5, the diffusion of camphor molecules from x, to x; is
defined as the 1st diffusion and from x; to x, is defined as the
2nd diffusion. Fig. 5 suggests that three diffusion modes could
be considered to understand the oscillation period for a self-
propelled object with a cup, as schematically shown in Fig. S2
(ESIt). Step I: homogenous diffusion of camphor molecules
around the camphor disk adhered to the plastic plate bottom
(Fig. 5a). Step II: heterogeneous rapid diffusion of camphor
molecules around the camphor disk (Fig. 5a). Step III: diffusion
of camphor molecules along the outer wall of the cup. For
simplicity, the oscillation period for the self-propelled object
with a cup is determined by two diffusion types, that is, the 1st
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Fig. 5 Schematic illustration of (a) three diffusion modes around the cup
and (b) definition of x as a one-dimensional coordinate along the diffusion
length of the camphor molecules. In (a), the diffusion of camphor mole-
cules changed from step | to step Il via step Il at the resting state. Blue and
red lines in (a) denote the diffusion lengths of the 1st and 2nd diffusions,
respectively.

and 2nd diffusion. The diffusion coefficients D; and D, for the
1st and 2nd diffusion, which were obtained from the time
average value of the diffusion coefficient, were 4.14 x 10~° and
3.38 x 1077 m” s, respectively (see the, ESIt). When % = 0, the
camphor concentration was estimated based on the relation-
ship between the green colour intensity and 7-HC concen-
tration (Fig. S4, ESIt). The threshold camphor concentration
from the resting state to acceleration, Cy, was 3 mM determined
by the green intensity of the water phase.

To clarify the effect of 7 on motion, the friction coefficient, u,
was evaluated for 5 plastic cups with different 4 values based on
the previously described method.’”” The u value was almost
independent of # under the present conditions (Fig. S5, ESIt).

Discussion

At first, we describe the mechanism of oscillatory motion at
h = 0.'>'® While camphor molecules are accumulated at the
basement of the plastic plate, the camphor boat doesn’t move
since the surface tension around it is balanced (state A as the
resting state). When the accumulated camphor molecules are
anisotropically leaked to the water surface due to the aniso-
tropic distribution of camphor molecules around the disk
enhanced by the Marangoni flow, the camphor boat is acceler-
ated in the direction of higher surface tension, i.e., the opposite
side to the leakage (state B as the moving state). As state B
reverts to state A, oscillatory motion is maintained by the
repetition between states A and B.

Based on the experimental results and literature,” the
relationship between the oscillatory motion and height of the
self-propelled object 2 will be discussed. The increase in
oscillation period with increasing /1 suggests that the oscillation
period depends on the diffusion length of the camphor mole-
cules from the disk (Fig. 2 and 3a). The decreased maximum
speed of oscillation with increasing & suggests that the accel-
eration force decreases with increasing / because the friction
coefficient is almost independent of # (Fig. 2, 3b, and Fig. S5,
ESIt). This indicates that the amount of camphor molecules
developed from the disk to the water surface decreases with
increasing 7z because the acceleration force depends on the
amount of developed camphor molecules, and accumulated
camphor molecules at # = 0 mm easily spill out to the water
surface. In contrast, the diffusion is hindered at # > 0 mm

This journal is © the Owner Societies 2023
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owing to the existence of the cup (Fig. S1, ESIt). In fact, the
amount of camphor remaining inside the cup after acceleration
at A = 0.5 mm was larger than that at z = 0 mm (Fig. S2, ESIT).
Fig. 4 suggests that the oscillation period is determined by the
time required to accumulate camphor molecules in the cup.
The diffusion of camphor molecules into the boat was visua-
lized using 7-HC. Isotropic diffusion (step I) and anisotropic
diffusion (step II), which may be strengthened by Marangoni
flow, were observed during the 1st diffusion mode inside
the cup.

As Dy is larger than D,, the height dependency on the period
of oscillation is more effective than the diameter dependency
on it. Actually, the height dependency on the period of oscilla-
tion is larger than the diameter dependency on it comparing
with the experimental data from the previous paper.'®

As indicated in Fig. 5b, we consider the diffusion on both
the horizontal and lateral axes as the minimum diffusion
length. Obvious Marangoni flows are observed when the cam-
phor molecules are leaked at the point x,, which is the contact
point between the cup and the water surface. Therefore, the
period of oscillation is independent of Marangoni flows since
the period of oscillation corresponds to that of state A. In
addition, the existence of anisotropic diffusion suggests that
the period of oscillation depends on the chemical property of
the plastic plate in contact with the water phase. We previously
reported that the direction of oscillatory motion is determined
by the chemical property of the plastic plate.>® Furthermore,
the concentration gradient is almost constant since the thresh-
old camphor concentration to induce the acceleration is esti-
mated at Co, = 3 mM. Therefore, the effect of Marangoni flows
on the acceleration is independent of .

According to our previous paper,'” 7.7 umol was dissolved
into the water phase for 1 hour of observation. As the amount of
a camphor disk at the initial condition is 33 pmol, 77 wt% mass
of the camphor disk remains for one examination, i.e., the
temporal decrease in the mass of camphor disk has little effect
on the oscillatory motion.

The relationship between the oscillation period and diffu-
sion of camphor molecules was also considered. Herein, the
elapsed time ¢, is defined as that required for the camphor
concentration at the triplet point on the solid, water, and air
phases, C, to reach the threshold value of C, = 3 mM. If C
reaches C,, the object can move from the resting state because
the driving force of motion, which depends on the water phase
camphor concentration, is activated. If the camphor molecules
at the base of the object completely spill out after acceleration,
C is reset to zero for each oscillation. Therefore, t,, corresponds
to the oscillatory motion period. The value of ¢, was calculated
to clarify the relationship between the oscillation period and &
based on the 1st and 2nd diffusion modes.

According to Fick’s first law, the time-averaged value of the
diffusion coefficient for the n th diffusion, D,, was expressed by

eqn (1).

In
D, = #J D,dt = #[Lz]r" (n=1o0r2), (1)
n — tn—1

[ In — ty—12 a1
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where t,,_; is the start time of n th diffusion, ¢, is the time when
the n th diffusion is finished and L is the diffusion length. The
values of D; and D, were estimated as 4.14 x 10" % and 3.38 x
107° m” s, respectively. The estimation of D; and D, is
described in ESL

The diffusion process of camphor molecules supplied from
the camphor disk was modeled by a one-dimensional diffusion
equation, as expressed by eqn (2).

2C(?c 1) = D(x)a—zC(x 1) (2)
or Y ox2~ 7

where C is the camphor concentration, x (m) is the one-
dimensional coordinate along the diffusion length of the
camphor molecules (Fig. 5), and D(x) (m> s~ ') is the position-
dependent diffusion coefficient.

For the convenience of numerical analysis, it was assumed
that D; continuously changes to reach D, at x = x4, as indicated
using a general function in eqn (3).

#tanh(x —x1) + w

D(x,1) =

(3)

Here, x; is described by I, (= & x 107> m), that is,

x1 =1/ (ly — I,)*+12 (m), where I, = 0, 0.5 x 1072, 1.0 x 1073,
1.5x10 %, and 1.8 x 10 ° m. ,=1 x 10 °m, ,=3.5 x 10 ° m
(see Fig. 5b). It was assumed that C at ¢t = 0, C(x, 0) can be
described by eqn (4).

C(x,0) = C(0,1) exp (7%2)’ (4)

where a is a positive constant, and we set a = 0.1.

As the boundary conditions, C(0, t) = 7.88 mM was chosen,
which is the saturated camphor concentration in water.'® In
addition, C(x, + 8 x 107% m, 0) = 0 mM since the camphor
molecules distributed on water are sublimate,*® that is, C = 0 mM
at x = x, + 8x 107® (m) as the boundary condition with or
without camphor. The shortest camphor diffusion distance
from the edge of the camphor disk, which corresponds to x,, can

(Il — 1) +12 (m),
where Iy (= 0.2 x 107® m) is the thicknesses of the plastic cup

be expressed in terms of &, i.e., x; = I, + lq +

0

1500
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£ 1000}
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5 ]
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2 soof o)
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P L L L
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Fig. 6 Numerical results of t,, (open circles) and experimental results of
the period of oscillatory motion (filled circles) as a function of h. The data
of the experimental results correspond to those in Fig. 3a.
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tops (see Fig. 1). According to the above assumptions, time ¢, is
equal to the oscillation period when C reaches C, (3 mM).

Fig. 6 shows t,, as a function of / obtained from eqn (2)-(4).
The experimental results can be reproduced numerically based
on the combination of the 1st and 2nd diffusions.

Conclusions

Previous studies considered the two-dimensional diffusion of
camphor molecules. Herein, we constructed a novel experi-
mental system considering the three-dimensional diffusion of
camphor molecules using a plastic cup with a camphor disk.
The oscillatory motion between the motion and stop was
observed and the period and maximum speed of the oscillatory
motion depended on the height of the cup edge 4. The friction
coefficient u was almost independent of #, indicating that the
amount of camphor molecules that reached the water surface
during acceleration decreased with increasing /. The maximum
speed of the camphor boat depended on the amount of
camphor molecules developed. This means that present self-
propulsion is reflected in the three-dimensional shape since
the accumulated camphor molecules into the cup are difficult
to develop to the water surface during the acceleration. The
diffusion of camphor molecules into the boat was visualized
using 7-HC. Isotropic diffusion (step I) and anisotropic diffu-
sion (step II), which may be strengthened by Marangoni flow,
were observed during the 1st diffusion mode inside the cup.
A formula that reflects the characteristic diffusion during the
1st diffusion mode inside the cup and 2nd diffusion outside the
cup (step III) was proposed. Using this relation, the experi-
mental results were quantitatively reproduced using numerical
calculations. The present system is valid to design the novel
self-propelled object three-dimensionally by reflecting the
hydrodynamic effect as the Marangoni effect and the diffusion
and accumulation of molecules that generate the driving force.
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