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ABSTRACT: We report that both rhythmic pendular motion and rotary motion are
generated under stationary irradiation by a green laser for a centimeter-sized metallic
sheet floating on an aqueous solution. For a hammer-shaped aluminum sheet, regular
pendular motion is caused by CW laser irradiation when the “handle” of the pendulum
is in contact with the wall of the glass containing vessel. This rhythmic pendular motion
occurs as on/off switching from a stationary state with an increase in laser power. We
discuss the mechanism of such stable pendular motion in terms of limit-cycle oscillation
with the aid of phenomenological coupled differential equations, by incorporating the
effects of a decrease in interfacial tension with an increase in temperature under laser
absorption and of the dissipation of heat into the environment. Stable rotary motion of
the metallic sheet was also generated, driven by stationary laser irradiation. The
chirality of the rotary motion, either clockwise or anticlockwise, for the metallic object
could be selected through the introduction of chiral symmetry breaking in its morphology.

■ INTRODUCTION

Living organisms on earth maintain their lives under
thermodynamically open conditions through the use of energy
from the sun. There has recently been considerable interest in
clarifying the mechanisms that underlie the emergence of
regular motion in dissipative systems. Through recent studies
on the self-propelled motion of both living organisms and
artificial living material, it has become clear that irregular self-
propelled motion can be converted to regular motion through
the introduction of geometrical asymmetry.1−6 For example, it
was reported that the direction of translational motion is
determined by the introduction of anterior−posterior asym-
metry to either a chemical property or the physical structure of
an object, and rotational motion is observed for an object with a
rotationally asymmetric shape.7−11 Furthermore, the emergence
of regular motion in self-propelled particles through sponta-
neous symmetry breaking has attracted increasing interest, with
regard to both physics and biology.12−16

In the present study, we focused on the motion induced by
the instability of a solid/liquid interface, i.e., a spatiotemporal
change in the interfacial free energy or interfacial tension. It is
well-known that a spatial gradient of interfacial tension due to a
thermal or chemical inhomogeneity at the interface can
generate macroscopic agitation. This agitation can cause liquid
flow known as Marangoni flow.17−19 Interestingly, it has been
reported that the macroscopic motion of a droplet or bubble
can be induced accompanied by Marangoni instability or
interfacial instability, under stationary dissipative conditions,
including the experimental systems with photoirradiation.20−32

Here, we study the generation of regular motion on a metallic
sheet induced by Marangoni convection under local heating

with a spatially fixed CW laser. We found that with a change in
the magnitude of irradiating laser power a hammer-shaped
object undergoes periodic pendular motion. In addition, a
metal sheet entrapped with an oil droplet undergoes regular
rotational motion, where the direction of rotation is determined
by the geometric symmetry of the sheet.

■ EXPERIMENTAL METHODS

An aluminum (Al) sheet with a thickness of 11 μm was
obtained from Toyo Al Echo Products Co., Ltd. (Japan; Foil
Roll Black for Broiling Potatoes). Oleic acid was purchased
from Nacalai Tesque (Tokyo, Japan). A CW laser (532 nm)
was obtained from OXIDE Co. (Tokyo, Japan; LS03TT-M01).
Experiments were performed at a room temperature of 18 °C.
The motion of the Al sheet was captured by a digital video
camera (Panasonic Co., Osaka, Japan; HC-600M) and a
thermal camera (FLIR Systems Japan, Tokyo, Japan; FLIR
T420). The recoded motion of the Al sheet was analyzed using
ImageJ and Kinovea image-analysis software. To ensure that
photons were absorbed effectively, we used the black-painted
side of the Al sheet for the experiments. For the experiments on
the generation of selective rotary motion (see Figures 5 and 6),
we coated the surface of the Al sheet with black paint
containing carbon black and poly(methyl methacrylate-co-butyl
methacrylate) (Tamiya Ink Co., Japan; TS-14).
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■ RESULTS AND DISCUSSION
Figure 1 shows pendular motion under irradiation by a laser at
a spatially fixed position. The Al sheet was hammer-shaped, as

shown in Figure 1A. In the experiment, the end of the “handle”
of the hammer-shaped sheet was bent at a right angle to form a
small triangle, as depicted in Figure 1A, which was positioned
to be parallel to the wall of the experimental container. Figure
1B shows snapshots and spatiotemporal diagrams of the
pendular motion of the object under stationary laser irradiation
at a laser power of 0.45 W. The lower panel of Figure 1B shows
a spatiotemporal diagram of the rhythmic pendular motion,
where the middle panel shows a time expansion of the diagram
for rhythmic motion. The spatiotemporal diagram indicates that
the object maintains its pendular motion under stationary laser
irradiation, and the period of this motion is on the order of 3 s.
Figure 2 shows the dependence of the pendular motion on

laser power; Figure 2A exemplifies the time-dependent change
in the angle Δθ (= θ − θ0) of laser-induced motion of the
hammer-shaped object. Figure 2B shows a definition of the
angle θ. The amplitude of the curve on the vertical axis of
Figure 2A is the change in θ from its initial value θ0 (θ0 ≈ 1/30
rad). In these experiments, we set the initial condition so that
the handle of the hammer-shaped object was in contact with
the wall of the container. Figure 2C shows how the mode of
movement of the object varies with the laser power: (i)
stationary state without any moment (0−0.37 W) and (ii)
rhythmic motion (0.37−0.5 W). Above a power of 0.5 W, the
object again entered a stationary state without rhythmic
motion. The transition from stationary to rhythmic states at a
power of around 0.35 W was abrupt or discrete, as shown in
Figure 2C.
Figure 3A shows the temperature distribution around the

object as observed by an IR thermometer after 0.7, 6.2, 6.7, and
7.9 s and the corresponding spatiotemporal diagram during
rhythmic motion. The diagram clearly shows periodic heating

Figure 1. Pendular motion of a hammer-shaped aluminum sheet. (A)
Photograph and schematic representation of the experimental system,
where a hammer-shaped black aluminum (Al) sheet is floating on an
aqueous phase. (B) Bottom: spatiotemporal diagram of pendular
motion, where t = 0 corresponds to the initiation of laser irradiation.
Middle: expansion of time axis on the spatiotemporal diagram. Top:
images of the motion of the hammer-shaped object, where the green
cross indicates the position of the laser spot.

Figure 2. (A) Time-dependent change in the contact angle (Δθ), just
after the start of laser irradiation, for the motion of a hammer-shaped
Al sheet. (B) Schematic illustration to show the change in angle θ. (C)
Bifurcation diagram of the dynamic behavior of the hammer-shaped
object, depending on the laser power. θp−p corresponds to the peak-to-
peak amplitude of Δθ in (A). With an increase in laser power, the
mode changes from “stationary” to “rhythmic”. With a further increase
in power, the object is repelled away from the laser focus and attaches
to the periphery of the glass vessel in a stationary manner.

Figure 3. (A) Spatiotemporal diagram of the temperature profile for
the rhythmic motion of the hammer-shaped object, together with
snapshots of the spatial temperature profile. (B) Schematic
representation of the difference in interfacial tension between the
sides of the hammer-shaped plate under local heating by a laser. The
black arrow shows the net force, and the light-orange arrow is the
restoring force due to the meniscus.
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of the hammer-shaped object coupled with periodic motion;
i.e., movement of the object away from the laser spot is
enhanced when the temperature of the object increased. On the
basis of the above experimental results, we propose a
mechanism for the pendular motion induced by laser
irradiation, as shown in Figure 3B. It is well-known that a
temperature gradient around a water/air interface leads to a
gradient of interfacial tension in that area. This means that the
tension at a lower temperature, γL, is greater than that at a
higher temperature, γH. Because of this spatial gradient of the
interfacial tension, the “head” of the hammer moves away from
the region of higher temperature, as shown in Figure 3A.
Another important factor in the periodic motion is the presence
of a meniscus between the handle of the hammer and the glass
vessel. When the hammer-shaped object moves away from the
laser spot, the meniscus tends to make the object return to its
initial position, like a spring. The competition between the
driving force generated by laser irradiation and the restoring
force exerted by the meniscus generates the observed pendular
motion of the sample. Thus, the mechanism of pendular
motion can be summarized as follows: First, the head of the
hammer-shaped object moves due to laser irradiation while
maintaining contact between the sample and the container wall.
Next, the sample moves away from the focus of the laser due to
the motion of the sample driven by laser irradiation. This
means that the driving force of laser irradiation works by
increasing the temperature of the sample. The restoring force
exerted by the meniscus then returns the sample back to its
initial position before laser irradiation. The competition

between these forces leads to the pendular motion of the
sample.
On the basis of the above results and discussion of pendular

motion caused by laser irradiation, we propose a simple
numerical model for this oscillatory motion. To express the
essence of the mechanism of pendular motion, we use only two
variables: θ, the angle of the long-axis of the hammer with
respect to the wall of the outer vessel as shown in Figure 2B,
and τ, the temperature normalized to room temperature. Using
these two variables, we propose the following coupled
differential equations.
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where a, b, c, d, and e are positive constants that depend on the
arrangement of the experimental system. The first term on the
right side of the upper equation in eq 1 shows the effect of
viscous damping, and the second term is the recovering force to
maintain the meniscus between the hammer handle and the

Figure 4. Results of the numerical simulation of pendular motion, by
adapting the numerical eqs 1 and 2. (A) Damping motion to a
stationary state when the laser power is weak, d = 0.3. (B) Rhythmic
motion with a greater laser power, d = 0.45. (C) Dependence of the
amplitude of rhythmic motion on the heating parameter, d. As for the
details on the parametrizations, see the text. Δθ and θp−p correspond
to those shown in (A) and (B), respectively.

Figure 5. Rotary motion of a hexagonal Al sheet. (A) Photograph of
the floating Al sheet entrapped inside an oil droplet (oleic acid, 260
μL) together with a schematic representation. (B) Example of rotary
motion caused by CW laser irradiation and the corresponding
spatiotemporal diagram. φ is defined as shown in the snapshot for 0
s. The direction of rotation is determined by the initial condition; i.e.,
the direction of rotation is bistable. (C) Snapshots of rotary motion
and the corresponding temperature profiles. (D) Phase diagram of
rotary motion dependent on the laser power.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b11123
J. Phys. Chem. C 2018, 122, 2747−2752

2749

http://dx.doi.org/10.1021/acs.jpcc.7b11123


wall of the vessel due to interfacial tension, as shown
schematically in Figure 3B. The last term on the first line of
eq 1 is the driving force caused by the difference in interfacial
tension, as shown in Figure 3B. The second differential
equation in eq 1 describes the speed of the change in
temperature around the hammer head caused by laser
irradiation, where ξ(θ) is

ξ θ
θ
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⎩

k

k
( )

1 0

e k( )2
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ξ(θ) expresses the efficiency of heating due to laser irradiation
as a function of θ. Parameter k is a constant. The observed
profile of ξ(θ) is depicted in Figure S2A and indicates that laser
irradiation causes local heating only of the object itself. The
steep decrease in heating efficiency in the region θ ≥ k implies
that the speed of heating decreases when the hammer-head part
escapes from laser irradiation, as shown in Figure S2A. The
effect of function ξ(θ) is explained in detail in Supplement 2.
Figures 4A and 4B exemplify the results of numerical

calculations based on eqs 1 and 2, where we adopted a = 0.241,
b = 0.398, c = 0.315, e = 1.1, k = 0.25, and η = 7500, where
parameter a was determined from the decay of the angular
velocity after sudden switch-off of the laser and parameter b was
set so as to fit the periodicity of the rhythmic motion.
Parameter e was estimated from the rate of decrease of
temperature toward room temperature after switch-off of the
laser under the condition that the hammer was spatially fixed.
Parameter η was chosen so as to roughly fit the temperature
profile near the edge of hammer as observed by the thermal
camera. After setting these parameters, parameter c was chosen
so as to reproduce the whole experimental trends in a similar
manner. In relation to the procedure to find suitable parameters
as explained above, we performed additional experiments to
measure laser-induced escaping motion as shown in Supple-
ment 1 and Figure S1. From such simple experimental system,
it becomes possible to estimate the driving force and damping
coefficient as in the phenomenological equation of motion as
eq S1. When the laser power is weak, i.e., when d in eq 1 is
small (d = 0.3), the calculated results indicated a damping
motion of the object, which leads to a stationary state. On the
other hand, the object exhibits limit-cycle behavior when d is
sufficiently large (d = 0.45). Figure 4C shows the amplitude of
the oscillatory motion depending on d in eq 1. Thus, the
calculated results reproduce the essential features of the
observed photoinduced pendular motion.
Next, we show the experimental results for the motion of a

hexagonal Al sheet floating on a droplet of oleic acid, as shown
in Figure 5A. A droplet of oleic acid (260 μL) was floated on an

aqueous layer with a depth of ca. 5 mm in a container. Each
side of the hexagonal Al sheet was 5 mm. Figure 5B shows the
rotational motion of the Al sheet within the region of the oil
droplet, under stationary laser irradiation with a power of 0.87
W. As shown in the lower part of Figure 5B, the Al sheet causes
fluctuation within the oil droplet up to an induction period of
ca. 5 s. Thereafter, the Al sheet exhibited continuous rotational
motion around the laser spot. Figure 5C shows the results of
the simultaneous observation of rotational motion with both a
digital video camera and a thermal camera. The images show
that there is a temperature difference between the front and
rear of the hexagonal sheet as shown in the thermal images,
with the corresponding position on the sheet marked with a
green X. During rotational motion, the front part moves toward
the laser spot and exhibits a gradual temperature increase. As a
result, the degree of heating at the rear becomes significant,
which causes a higher temperature at the rear than at the front.
As in the experiments on pendular motion, the air/water
interfacial tension at higher temperature becomes lower than
that at lower temperature. Thus, during rotational motion, the
hexagonal object continues to accept the driving force due to
the difference in interfacial tension between the front and rear.
Figure 5D shows the state of the hexagonal sheet depending on
the laser power. Here again, similar to the pendular motion
described above, the rotatory motion exhibits on/off switching
depending on the laser power; i.e., the motion shows a
subcritical-type transition. On the basis of the experimental
results, we found that the direction of rotation of the object in
the droplet is sensitive to the initial conditions; i.e., the
direction of rotation is almost stochastic.
To develop a method for controlling the mode of rotation in

a reliable manner, we performed experiments using an Al sheet
with chiral asymmetry, as shown in Figure 6, where the Al sheet
has a propeller-like morphology with chiral asymmetry. Using
this chiral object, we succeeded in constructing an experimental
system that undergoes directional rotation. The upper panels
show the generation of clockwise rotation, and the bottom
panels show anticlockwise rotation.

■ CONCLUSION

It has become clear that for a centimeter-sized metallic sheet
floating on an aqueous solution, both stable pendular motion
and rotary motion are generated under continuous photo-
irradiation. The driving force is the spatial gradient of surface
tension caused by photoabsorption on the metallic sheet.
Interestingly, with a change in the color pattern on the sheet,
rotational motion can become deterministic between clockwise
and anticlockwise modes. It is expected that various regular
motions besides simple pendular and rotational motion could

Figure 6. Clockwise and anticlockwise rotary motions with chiral propeller-shaped objects. The rotational direction is deterministic depending on
the chirality of the Al object.
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be realized through the suitable choice of morphology and the
color pattern.
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