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1. Introduction

Analysis of different self-propulsion types of oil
droplets based on electrostatic interaction effects

Mika Noguchi, ©** Masato Yamada ®? and Hideyuki Sawada®

This study aims to investigate electrical effects in self-propelled oil droplets and analyze the motion caused
by electrical interactions between two droplets. We examine the motion of self-propelled oil droplets in
terms of electrical effects; no similar analyses have been reported to date. When an oleic acid droplet is
introduced into a surfactant solution, oleic acid is adsorbed at the droplet surface; as a result, the surface
becomes negatively charged. However, the electrostatic interaction between oil droplets has not been
studied so far. We focus on the chargeability of self-propelled oil droplets, and propose that their motion
can be controlled by changing the charge state at the oil/water interface. This is realized by controlling
the pH of the surfactant solution. We prepared several agueous solutions with slightly different pH
values, and introduced two oil droplets into each solution to investigate the relationship between the pH
value and the correlated motion of the oil droplets. In an aqueous solution at pH 12.00, the two oil
droplets showed two types of motion (follow-up and parallel motion), while in an aqueous solution at
pH 12.10 they exhibited only one type of motion, i.e., repulsive motion. In order to analyze the three
types of motion, we investigated electrical effects on the surface of the oil droplets. First, we measured
the zeta potentials of aqueous solutions at pH 12.00 and 12.10, and analyzed the relationship between
pH and charge. Furthermore, we calculated the amount of charge and the repulsive force generated on
the surface of the oil droplets. For the pH 12.10 solution, the charge of one oil droplet and the repulsive
force generated by the charge were found to be —30.79 pC and 282 nN, respectively. Taking into
account the driving forces controlling the motion of oil droplets reported in previous studies, this
repulsive force could be the driving force of the observed repulsive motion. Based on the experimental
results, we inferred that the three types of self-propulsive motion were controlled by electrical effects at
the oil/water interface. To further examine these motions, we analyzed the time dependences of the
total distance traveled by a droplet and of the distance between oil droplets, as well as the droplet
velocities and images of internal convection of oil droplets.

such as camphor boats***” and oil droplets.’**' An oil droplet
released in an aqueous solution generates a non-uniform
surface tension at the interface; self-propelled motion is

In recent years, a significant body of research has focused on
“soft” robots. Owing to their very high biocompatibility, these
robots are expected to be applicable in medical devices such as
artificial arms and legs driven by artificial muscles and
organs."® Soft robotics use deformable polymeric materials’®
and biological cells,' generally denoted as soft matter. Because
of their complex structures, structural flexibility, and internal
degrees of freedom, these systems are often treated as active
materials possessing dynamic properties along with chemical
reactivity. Active materials exhibit internal mechanisms to
convert chemical into kinetic energy, as for living cells,'
microorganisms,'® molecular motors,'*** and non-living matter
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caused by the driving force induced by the surface tension
difference between the front and the rear of the droplet.

The self-propelled motion of an oil droplet can originate
from the combination of a particular molecular structure and
specific surfactant solution. When an anhydrous oleic acid
droplet is introduced into a surfactant solution containing oleic
acid, the anhydrous oleic acid is hydrolyzed to oleic acid
molecules at the surface of the droplet, as shown in Fig. 1(a).
Because oleic acid is a surfactant in a basic aqueous solution,
this reduces the interfacial tension of the oil droplet and allows
water to penetrate it. The local flow gradually merges into
a Marangoni convective flow,'®?>** which generates a constant
flow on the oil droplet that causes the droplet to start self-
propelling while pushing aside the surrounding water mole-
cules.'® A single oil droplet is negatively charged* and exhibits
stochastic motions such as straight displacements, rotation,
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Fig. 1 Model of self-propelled oil droplets. (a) Driving force; (b)
correlated motion.

splitting, and fusion. The particle image velocimetry (PIV)
method,*® which visualizes the internal Marangoni convection,
has been used to analyze the stochastic behavior of oil droplets.

A pH gradient in the aqueous solution™***” and an
exoskeleton frame®® have been previously used to control the
behavior of a single oil droplet. In the case of multiple oil
droplets, Toyota et al. reported two different behaviors of a pair
of 4-octylaniline droplets containing 5 mol% of amphiphilic
catalyst. One behavior involved repulsive motion without
fusion, whereas in the other case one oil drop showed a circular
motion while the other droplet followed it.** Caleb et al. also
reported tracking and repulsive motions between droplets of 1-
bromooctane and ethoxynonafluorobutane.*

The surface of anhydrous oleic acid droplets is negatively
charged, owing to the adsorption of oleic acid during hydro-
lysis. However, the electrostatic interaction between oil droplets
has not been studied so far. Moreover, the control method and
experimental conditions for the correlated motion of multiple
oil droplets have not yet been identified, and no previous
studies have achieved control over the motion of two oil drop-
lets, such as that illustrated in Fig. 1(b). Therefore, in this study
we focus on the electrical charge of oil droplets; in particular, we
attempt to control the correlated motion of two oil droplets via
internal convection by altering the charge state of the oil/water
interface. To the best of our knowledge, no other studies have
achieved control of the behavior of oil droplets by exploiting
electrostatic interaction effects. We anticipated that the charge
state of the oil/water interface could be altered by changing the
pH concentration of the surfactant solution. As a preliminary
experiment, we prepared several surfactant solutions with
different pH concentrations, and introduced two oil droplets
adjacent to each other into each solution. In the aqueous
solution of pH 12.00, we observed the self-propulsive motion of
the two oil droplets in the same direction (Fig. 1(b)), whereas in
the aqueous solution of pH 12.10 the two oil droplets exhibited
self-propulsive motion in opposite directions (Fig. 1(b)).
Furthermore, preliminary experiments confirmed that these
two types of motions (as shown in Fig. 1) could be reproduced
multiple times at a specific pH concentration. We found that
the behavior of the oil droplets changed significantly as the pH
of the aqueous solution changed by 0.1 units, and that their

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

behavior could be controlled by adjusting the pH of the
solution.

This study focuses on the electrical charge of oil droplets. We
investigate the electrical interactions between self-propelled oil
droplets, and analyze the motions induced by these effects.
Moreover, we propose a method to control the behavior of oil
droplets using electrostatic interactions. Furthermore, to
quantitatively evaluate the influence of these interactions, we
calculate the charge and repulsive force induced by oil droplets
in the aqueous solution. Compared to the motion control ach-
ieved via a pH gradient and an exoskeleton frame, the advan-
tages of the present method are that it requires no reagents and
equipment other than oil droplets, it involves simple and rapid
procedures, and there is no limit to the size of the area to be
controlled. If such electrical control turns out to be feasible, it
may enable to achieve immediate control through the on/off
operation of power. On the other hand, the disadvantage of
the proposed method is that it is currently impossible to control
the motion of single oil droplet via electrical effects; in partic-
ular, we cannot control the direction of coupled or repulsive
motions. In addition, it is necessary to set an upper limit for the
solution pH, because if the pH is too high the oil droplets may
separate. We believe that the present analysis of the behavior of
oil droplets in terms of electrical effects will open up new
avenues for the design of chemical robots and the development
of new forms of energy use.

2. Proposed method and experiments

We focus on the chargeability of self-propelled oil droplets and
propose to control the behavior of two oil droplets based on
internal convection, by changing the charge state at the oil/
water interface.

First, we investigated the charge of the aqueous solutions,
which affects the charge state at the oil/water interface. We
measured the zeta potential of three aqueous solutions with
different pH (12.00, 12.04, and 12.10). Then, we introduced two
oil droplets into each of the three aqueous solutions, and
analyzed the relationship between pH and droplet motion. To
investigate the generated motion in detail, we conducted
experiments to measure the distance traveled by each oil
droplet and that between the two droplets, and we visualized
the internal convection using the PIV method. The experimental
methods and corresponding conditions are described below.

2.1 Zeta potential measurement

In order to test the assumption that electrostatic interactions at
the oil/water interface are due to the pH concentration of the
aqueous solution, we carried out zeta potential measurements
to study the relationship between the pH of the solution and the
electric charge. Then, based on this correlation, the charge of
the oil/water interface could be adjusted by controlling the pH
of the aqueous solution.

The interfaces of solids, liquids, and gases in contact with
aqueous solutions are often charged. The electric field due to
this charge attracts ions of opposite charge from the solution

RSC Adv, 2022, 12, 18354-18362 | 18355
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side, forming a fixed ion layer, as shown in Fig. 2(a). An ion
diffusion layer, in which the positive and negative ions are
mixed, is formed outside the fixed layer, and the combination of
these two layers is denoted as electric double layer. In addition,
when a particle moves under an electric field, a shear force is
applied to the surrounding ions. Then, a boundary surface
(sliding surface) is generated between the ions separated from
the particle in the diffusion layer and the ions accompanying
the particle; the potential at this surface is called zeta potential.
In this study, we used the electrophoresis method to measure
the zeta potential of colloidal particles from their swimming
direction and speed after applying an electric field. After
injecting a surfactant solution into a sample cell in the instru-
ment, we applied an electric field and focused a laser beam onto
the electrophoresing colloidal particles. The scattered light is
then shifted by the Doppler effect, by an extent proportional to
the swimming speed of the particles. Therefore, the swimming
speed of the colloidal particles can be determined by measuring
the degree of shift of the scattered light, enabling the calcula-
tion of the zeta potential. In particular, for this calculation we
used the Smoluchowski equation (eqn (1)), which can be
applied when the particles are sufficiently larger than the
thickness of the electric double layer. Because the mobility U,
can be calculated from the electrophoresis velocity v and electric
field E, the zeta potential { can be calculated from the dielectric
constant ¢ and the viscosity 7 of the medium:
v 4

Up:EZM @)

Under the experimental conditions shown in Table 1, we

prepared three different aqueous solutions of the surfactant,

(a) Electric Field

(b)

Fig. 2 Zeta potential and measurement method. (a) Zeta potential
model; (b) zeta potential measurement unit used in the experiment.
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Table 1 Experimental conditions
Temperature [°C] 25.0
Humidity [%] 60.0

and measured the corresponding zeta potentials. We mixed
100.0 mL of pure water with 1000 pL (pH 12.00), 1175 pL (pH
12.07), and 1270 pL (pH 12.10) of 1.0 mol L * sodium hydroxide
solution (Wako) and stirred each mixture (AS ONE, RS-6AN) for
10 min. Then, we added 0.317 mL of oleic acid (Wako) to each
solution, followed by stirring (AS ONE, RS-6AN) for 10 min.

To measure the zeta potentials, we injected these surfactant
solutions into the sample cell of a flat-plate zeta potential
measurement unit (OTSUKA ELECTRONICS, ELS-8000WU), as
shown in Fig. 2(b). Three measurements were conducted for
each of the three aqueous solutions, and the average potential
and standard deviation of the three measurements were then
calculated.

2.2 Experimental setup for observation of droplet behavior

The results of the zeta potential measurements were used to
analyze differences in the correlated motion of the oil droplets.

We first describe the materials used in the experiments.
Under the experimental conditions shown in Table 1, we
prepared and mixed 0.141 mL of anhydrous oleic acid (Sigma-
Aldrich) and 0.252 mL of nitrobenzene (Kanto Chemical), fol-
lowed by shaking. The diameter of the oil droplet was ~5 mm.
The oil droplet was initially spherical, but slightly collapsed in
the aqueous solution and was deformed into a flat shape,
resembling a cylinder. When the oil droplet traveled in
a straight line, it changed into a boomerang shape and moved
into a convex region. The aqueous solution was the same as the
one described in Section 2.1.

Under the experimental conditions shown in Table 1, this
experiment was carried out in a system consisting of a Petri dish
(AS ONE, 80 x 80 mm) and a single-lens reflex camera (CANON,
EOS70D, 1920 x 1080 px, 30 fps), as shown in Fig. 3(a). The
imaging distance was set at 25 cm. After filling 3.5 mL of
surfactant solutions (pH 12.00, 12.04, and 12.10) in the Petri
dish, two oil droplets of 8 pL volume were introduced into the
solution wusing an automatic micropipette (INTEGRA,
VOYAGER). As shown in Fig. 3(b), two oil droplets were dropped

@ A

Electric

25cm

Surfactant
Qil Droplets

Fig. 3 Illustration of experiment of observation. (a) Experimental
system; (b) oil droplet release method.
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simultaneously at a fixed distance of 5.5 mm by using an
automatic micropipette. Because the diameter of an oil droplet
with a volume of 8 pL is ~5 mm, the two oil droplets were
adjacent to each other at the dropping time. In addition, the
experiments confirmed that each correlated motion was
generated even when the angle between the electric micropi-
pette and the plane of the Petri dish changed. Ten measure-
ments were conducted for each solution, and the observed
movements were visually classified and recorded.

2.3 Analysis of time evolution of oil droplet locomotion

In preliminary experiments, we observed coupled motion of oil
droplets in aqueous solutions with low pH, and repulsive
motion in aqueous solutions with high pH. In order to inves-
tigate the two different motions in detail, we examined the
temporal evolution of the total distance traveled by each oil
droplet and of the distance between the two droplets until they
stopped moving.

The oil droplets were the same as those described in Section
2.2, and only aqueous solutions of pH 12.00 and 12.10 were
used, among those discussed in Section 2.1.

Under the experimental conditions shown in Table 1, the
above measurements were performed in the system shown in
Fig. 3(a). After a Petri dish (AS ONE, 80 x 80 mm) was filled with
3.5 mL of a surfactant solution (pH 12.00 and 12.10), two 8 uL
oil droplets were introduced using an automatic micropipette
(INTEGRA, VOYAGER). The distance between the droplets was
fixed at 5.5 mm. As shown in Fig. 3(a), images of the two oil
droplets undergoing coupled and repulsive motion were taken
using a single-lens reflex camera (CANON, EOS70D, 1920 X
1080 px, 30 fps), and trajectory tracking was performed using an
image analysis software (Kinovea). We measured the total
distance traveled by the droplets and their mutual distance

(Fig. 4).

2.4 PIV analysis

In order to investigate the conditions for the occurrence of the
correlated motion, we quantitatively examined the effect of
Marangoni convection inside an oil droplet using the PIV
method. The internal convection was visualized by tracking the
particles using an image analysis software.

The oil droplet and aqueous solutions were the same as
those described in Sections 2.2 and 2.1, respectively. First,
acrylic particles (Lumisys marker, specific gravity 1.3) were
mixed with the oil droplets. In order to observe the internal
convection corresponding to the follow-up, parallel, and
repulsive motion cases, the measurements were performed in
the system shown in Fig. 3(a) under the experimental condi-
tions listed in Table 1. After injecting 3.5 mL of surfactant
solution (pH 12.00, 12.04, 12.10) in a Petri dish (AS ONE, 80 x
80 mm) with a micropipette, two 8 pL oil droplets mixed with
acrylic particles were introduced using an automatic micropi-
pette (INTEGRA, VOYAGER). The distance between the droplets
was fixed at 5.5 mm. While illuminating the oil droplets with
ultraviolet black light, three different self-propulsive motions
were captured by a single-lens reflex camera (CANON, EOS70D,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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1920 x 1080 px, 30 fps), as shown in Fig. 3(a). The images were
analyzed using the Flow Expert software (Kato Optical Labora-
tory) to visualize the internal convection.

2.5 Analysis of oil droplet velocity

The oil droplet velocity was found to increase as the pH of the
surfactant solution increased from 12.00 to 12.10. To clarify the
relationship between the pH of the aqueous solution and the
velocity of the oil droplet, we released a single droplet into
aqueous solutions of different pH and measured the corre-
sponding velocities.

The oil droplets were the same as those described in Section
2.2, and five aqueous solutions were prepared in addition to
those discussed in Section 2.1. One-hundred milliliters of pure
water were mixed with 990 pL (pH 11.95), 1175 pL (pH 12.07),
1225 pL (pH 12.15), 1275 pL (pH 12.20), and 1310 uL (pH 12.30)
of 1.0 mol L ™" sodium hydroxide solution (Wako) and stirred
(AS ONE, RS-6AN) for 10 min. Then, we added 0.317 mL of oleic
acid (Wako) to each solution and stirred (AS ONE, RS-6AN) for
10 min.

Under the conditions listed in Table 1, this experiment was
performed in the system shown in Fig. 3(a). After placing 3.5 mL
of surfactant solution (pH 11.95, 12.00, 12.04, 12.07, 12.10,
12.15, 12.20, and 12.30) in a Petri dish (AS ONE, 80 x 80 mm),
a single oil droplet of 8 pL volume was added to the solution. As
shown in Fig. 3(a), a single-lens reflex camera (CANON, EOS70D,
1920 x 1080 px, 30 fps) was used to capture the images of a self-
propelled oil droplet. An image analysis software (Kinovea) was
used to measure the droplet velocity. Three velocity measure-
ments were made for each of the eight aqueous solutions, and
the average and standard deviation of the three measurements
were calculated.

3. Results and discussion
3.1 Zeta potential measurements

The mean zeta potentials and corresponding standard devia-
tions are shown in Fig. 5. The mean zeta potentials obtained at
pH 12.00, 12.04, and 12.10 were —16.93, —21.50, and
—23.82 mV, respectively, indicating a negative correlation
between the pH and the zeta potential of aqueous solutions. We
found that a pH change of 0.1 units caused a change in
potential of approximately 7 mV. This can be explained by Le

(a) (b)

—

Total traveled distance Distance between two droplets

Fig. 4 Definitions of total traveled distance and distance between oil
droplets.
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Fig. 5 Relationship between zeta potential and pH.

Chatelier's principle for the acid dissociation equilibrium in
eqn (2). As the pH increases, the equilibrium shifts toward the
ionized products in order to increase the H' concentration,
which leads to an increase in the negative charge. Oil droplets
adsorb surfactant molecules distributed in the aqueous solu-
tion on their surface. As the pH increases, the adsorption of
negatively charged surfactant molecules increases, resulting in
a larger negative charge induced on the oil droplet surface. The
zeta potential measurements allowed us to investigate the
electrical effects of the pH of the aqueous solution on the oil
droplets. We found that the pH of the solution could have
electrical effects on the oil droplets, because pH changes
affected the charge state at the oil/water interface.

RCOOH = RCOO™ + H* (2)

3.2 Observation of droplet behavior

We observed two types of correlated motions in each aqueous
solution: coupled and repulsive motion, as shown in Fig. 1(b).
The numbers of times that each motion was observed are shown
in Table 2. Images displaying coupled and repulsive motions
are presented in Fig. 6.

The absolute value of the zeta potential increased with
increasing pH of the aqueous solution, reflecting an increase in
the negative charge of oleic acid at the oil/water interface and in
the aqueous solution. In addition, as the pH increased, the
number of coupled motion observations decreased while that of
repulsive motions increased; this suggests that the potential of
the aqueous solution affected the motion of the oil droplets.
Fig. 7 confirms that the droplets changed into a boomerang
shape after being dropped into the solution of pH 12.10. These
results suggest that the driving force for the repulsive motion

Table 2 Number of observations of different correlated motions at
different pH values

pH 12.00 12.04 12.10
Coupled motion 10 8 0
Repulsive motion 0 2 10

18358 | RSC Adv, 2022, 12, 18354-18362
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Fig. 6 Images of coupled and repulsive motions. (a) Coupled motion;
(b) repulsive motion.

may be the mutual repulsion force between droplets, due to
electrostatic interactions.

When an oil droplet changes its shape due to external
stimuli, it can generate internal convection to match its initial
direction, as determined by its shape. Yamada et al. found that
a single oil droplet changed into a boomerang shape when
moving alone in a straight direction.”® They succeeded to induce
only the straight motion of an oil droplet by attaching it to
a frame to shape it as a boomerang. A similar argument can be
applied to our study. The oil droplet was slightly distorted by
electrical effects; as a result, its initial direction was determined
by its shape, and internal convection was generated according
to that direction. Oil droplets whose direction was determined
in such a way exhibited a further increased convection; as
a result, the flow on their surface increased, propelling the
droplet in the opposite direction.

To quantitatively evaluate the electrostatic interaction
between oil droplets, we calculated their charge Q using eqn (3),
assuming that a uniform charge was induced by the zeta
potential existing on the surface of the droplets. Because oil
droplets showed a collapsed rather than spherical shape in
aqueous solution, we performed the calculation assuming that
the droplets were cylindrical conductors in these conditions; in
eqn (3), ¥, is the zeta potential, Q is the virtual charge induced
by the zeta potential, ¢, denotes the dielectric constant of

Fig. 7
shape.

Image showing two droplets transforming into a boomerang

© 2022 The Author(s). Published by the Royal Society of Chemistry
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vacuum, ¢, is the relative permittivity of the solution, while L
and r are the height and radius of the oil droplet, respectively. In
addition, r, indicates the point at which the potential is zero.

Q@ 1og !l 3)

2mege L T

Vo =

The amount of charge induced by an oil droplet undergoing
repulsive motion was calculated by eqn (3), and the results are
shown in Table 3.

Next, assuming that the oil droplets were point charges, the
Coulomb's law in eqn (4) was used to calculate the repulsive
force between two droplets. In the equation, F denotes the
repulsive force and r is the distance between the oil droplets (5.5
mm).

F=k= 4)

Table 3 shows the repulsive force calculated by eqn (4) for an
oil droplet undergoing repulsive motion. Because the driving
force of oleic acid oil droplets is of the order of 100 nN,*" the
value of the repulsive force quantitatively indicates that elec-
trostatic interactions could be the driving force for the repulsive
motion.

3.3 Temporal evolution of total locomotion distance and
distance between oil droplets

The time dependences of the total traveled distance and the
distance between oil droplets are shown in Fig. 8. The two oil
droplets are denoted as A and B. Fig. 8(a) shows that both
droplets moved at a constant speed, with A traveling 5 mmin5 s
and B covering 6 mm in 5 s after being dropped in the solution.

The slope of the plot indicates that the oil droplets moved
alone at approximately 1 mm s~ . The two droplets moved at
almost the same speed. When the temperature and humidity of
the laboratory, the droplet volume, the aqueous solution
volume, and the pH of the aqueous solution were the same, the
speed and traveled distance of the oil droplets did not differ
significantly, as confirmed by the experiments. When the
droplet motion was controlled using an exoskeleton frame, it
was found that the speed of the oil droplet was not stable,
depending on the attachment of the exoskeleton frame. On the
other hand, the present method does not use an external device
to control the oil droplets; hence, the droplet velocity was highly
stable, as long as the experimental conditions remained the
same.

As shown in Fig. 8(b), in the repulsive motion case, the
distance between the two droplets increased with time, from
5.5 mm at the dropping time to 12 mm at ~5 s afterward.

Table 3 Amount of charge and repulsive force

Amount of charge
[pC]

Repulsive force
[nN]

-30.79 282

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Time dependence of total locomotion distance and distance
between oil droplets. (a) Total locomotion distance; (b) distance
between oil droplets.

The slope of the plot shows that the two oil droplets moved
away from each other with a relative velocity of approximately
2.4 mm s '. Moreover, the distance between oil droplets
undergoing repulsive motion increased proportionally to the
time. On the other hand, in the case of coupled motion, the
distance between the droplets was time-independent and
almost constant. This is because the two droplets were con-
strained to move together, and their distance was the sum of the
radii of the individual A and B droplets. By determining the time
evolution of the total traveled distance and distance between oil
droplets, we were able to analyze the velocity and locomotion
distance of oil droplets interacting with each other.

3.4 Analysis of internal convection using PIV method

By examining the internal convection associated with the
coupled motion, we identified two types of convection and
related behaviors: follow-up and parallel motions, as shown in
Fig. 9. In the follow-up motion, one oil drop follows the other. In
the parallel motion, the two oil droplets travel side-by-side while
remaining attached to each other. As illustrated in Fig. 9(b),
when the convection on one oil droplet is larger than that on the
other, the oil droplet with large convection chases the other one,
which results in the follow-up motion. On the other hand, the
parallel motion is observed when both oil droplets exhibit
almost the same degree of convection. In the motion observa-
tion experiments, the follow-up and parallel motions were
recorded together as a coupled motion, because they occurred

RSC Adv, 2022, 12, 18354-18362 | 18359
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Fig. 9 Visualization of internal convection using the PIV method. (a)
Observed convection; (b) model of internal convection for each
motion.

stochastically in solutions at pH 12.00 and 12.04. After visual-
izing the internal convection by the PIV method, the difference
between the follow-up and parallel motion was considered to
originate from the way in which internal convection was
generated. When oil droplets are introduced into the water layer
and oleic acid begins to adsorb stochastically at the droplet
surface, the magnitude of internal convection on each droplet is
determined stochastically and results in either a follow-up or
a parallel motion.

When repulsive motion occurs, the internal convection flow
moves in the opposite direction, such that the oil droplet moves
away from its neighboring droplets. Because oil droplets
undergo different motions when their shape is changed by
external stimuli, Yamada et al. achieved motion control by
applying external stimuli to oil droplets.?® In other words, when
repulsive motion occurs, the charged oil droplet experiences
a repulsive force from the neighboring oil droplet as a result of
electrical effects, and their shapes are distorted in opposite
directions. The visualization of internal convection by PIV also
confirmed that such a change of shape causes each oil droplet
to generate a convection flow that results in them moving in
opposite directions.

3.5 Velocity analysis of single oil droplets

The average velocities of locomotion and corresponding stan-
dard deviations are shown in Fig. 10. The lowest velocity
(0.2396 mm s~ ) was measured for an oil droplet in a solution of
pH 11.95, whereas that the highest (3.968 mm s~ ') was obtained
in a solution of pH 12.15. Up to pH 12.15, there was a positive
correlation between the pH of the solution and the velocity of an
oil droplet, but after the velocity reached its peak at pH 12.15,
the pH value and the velocity became negatively correlated. In
some cases, the oil droplets separated, as in the solutions of pH
12.20 and 12.30. Comparing the minimum and maximum
velocities at pH 11.95 and 12.15, respectively, reveals that a pH
change of 2.0 units resulted in the oil droplet velocity changing
by approximately 17 times.
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Fig. 10 Relationship between pH concentration of aqueous solution
and average velocity of locomotion.

The experimental analysis of the correlated motion showed
that coupled motions such as a follow-up and parallel motions
occurred more frequently at pH 12.00 and pH 12.04, while only
repulsive motion was observed at pH 12.10. The analysis of the
relation between pH and velocity revealed an approximately 8-
fold difference between the velocities at pH 12.00 and 12.10.
This suggests that coupled motion occurred when the kinetic
velocity was low, whereas a high kinetic velocity resulted in
repulsive motion.

Based on the internal convection changes observed by PIV,
we now discuss the origin of the increase in kinetic velocity of
the oil droplet with increasing pH. First, the principle of self-
propulsion of oil droplets reported by Martin et al'® is
summarized as follows: when an anhydrous oleic acid droplet is
introduced into a basic surfactant solution in which oleic acid is
dissolved, (i) anhydrous oleic acid is hydrolyzed to oleic acid,
and oleic acid molecules are formed on the droplet surface.
Owing to the surface activity of oleic acid in basic aqueous
solutions, (ii) the interfacial tension of the oil droplet partially
decreases in the region where oleic acid is formed, breaking the
droplet symmetry, and (iii) water is incorporated into the oil
droplet. Such localized flows (iv) gradually merge to form
a Marangoni convection, which finally generates a constant flow
on the oil droplet surface, and (v) the oil droplet starts to move
by itself while wading through the surrounding water. Miura
et al. reported that when the pH concentration of the surfactant
solution was high, the oil droplets were almost fully hydrolyzed
and the surface tension decreased.*® Therefore, as the pH
concentration of the solution increases, the hydrolysis of
anhydrous oleic acid to oleic acid in phase (i) becomes more
efficient, thus increasing the difference in interfacial tension in
phase (ii). Therefore, a greater uptake of water into the oil
droplet takes place in phase (iii), with a higher internal
convection in phase (iv), which increases the kinetic velocity of
oil droplets in phase (v). The relationship between the velocity
of an oil droplet and the driving force can be expressed by eqn
(5), where F is the driving force of the oil droplet, Cp, is the drag
force coefficient, p is the density of the aqueous solution, V is
the kinetic velocity of the oil droplet, and S is the surface area.

In other words, the increase in the locomotion velocity of an
oil droplet is associated with the increase in driving force,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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according to eqn (5). Although the increase in velocity is not
directly related to the generation of repulsive motion, it is
linked to the stability and persistence of this motion. Because
this driving force is generated by the adsorption of the surfac-
tant and the interfacial tension, it is natural to assume that the
kinetic velocity of the oil droplet depends on the pH, which
affects both the surfactant adsorption and interfacial tension.

1
F = 3Cop Vs (5)

4. Conclusions

In this study, we focused on how the pH and electrostatic charge
of a surfactant aqueous solution can control the behavior of oil
droplets by altering the charge at the oil/water interface. Elec-
trostatic interactions affected the direction of self-propelled oil
droplets, which exhibited two specific motions: coupled and
repulsive motion. The coupled motion could be further classi-
fied as follow-up or parallel motion, depending on the change in
the internal convection. The amount of charge and the repulsive
force induced in the oil droplet were calculated from the zeta
potentials of three aqueous solutions at pH 12.00, 12.04, and
12.10. The repulsive force was of the same order of magnitude
as the driving force, suggesting that electrostatic interactions
influence the generation of repulsive motion. We confirmed
that this behavior can be controlled by adjusting the pH of the
aqueous solution and is reproducible. The results of this study
indicate that electrical effects should be taken into account to
control the behavior of self-propelled oil droplets. We also
found that when oil droplets were introduced in solution, they
did not exhibit independent motion, but interacted with each
other. Therefore, methods to control the behavior of oil droplets
should include the application of external electrical stimuli and
exploiting the interactions with other oil droplets.

Increasing the pH of the aqueous solution increased the
velocity of the oil droplets, resulting in an increase in their
driving force. The results also showed that the repulsive motion
of oil droplets was more likely to occur at pH 12.10. The increase
in driving force at high pH values could be attributed to the
active hydrolysis of anhydrous oleic acid on the surface of oil
droplets and the increased difference in interfacial tension.

In the future, we plan to control the behavior of single and
multiple oil droplets using electrostatic interactions. We believe
that clarifying and controlling the motion mechanism of self-
propelled oil droplets will enable their application to drive
actuators and manipulators operating in solution.
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