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ABSTRACT: We report the successful generation of directional liquid-flow under
stationary laser irradiation at a fixed position in a chamber. We adopt a homogeneous
solution consisting of a mixture of water and triethylamine (TEA), with a composition
near the critical point for phase segregation. When geometrical asymmetry is introduced
around the laser focus in the chamber, continuous directional flow is generated,
accompanied by the emergence of water-rich microdroplets at the laser focus. The
emerging microdroplets tend to escape toward the surrounding bulk solution and then
merge/annihilate into the homogeneous solution. The essential features of the directional
flow are reproduced through a simple numerical simulation using fluid dynamic equations.

In general, oil/water systems exist as either a homogeneous
solution or a macroscopically segregated solution,1−3 which

can be interpreted in terms of a first-order phase transition.
The phase coexistence on a microscopic scale is intrinsically
unstable in the absence of a surfactant under equilibricity. This
implies the possible occurrence of dynamic phenomena,
including the emergence and annihilation of microscopic
segregation under thermodynamically open conditions.
Recently, it has been shown that a focused laser can generate
microscopic phase-separation in a homogeneous solution
composed of oil and water under a condition that is near the
critical point for a phase transition.4−14 When the homoge-
neous solution is enriched with oil near the bimodal line in the
phase diagram, water-rich microdroplets successively emerge
from the laser focus under constant laser irradiation.15−19 The
generated water-rich microdroplets tend to escape from the
focus because of the lower dielectricity compared to that of the
oil-rich medium. As they travel into the periphery, the
microdroplets disappear by merging into the homogeneous
bulk in the absence of a laser-induced dielectric potential.
Here, it is expected that the emergence of several micro-
droplets at the laser focus will cause an increase in local
pressure due to a transient increase in the total oil/water
interfacial area, which is incommensurate with molecular
packing. In this article, we propose a new methodology for
producing an optically driven micropump by applying such
kind of dynamical phenomenon with the emergence/
annihilation of microdroplets caused by a focused laser.

There has been growing interest20−22 in the subject of
micropumps below the millimeter scale in the medical and
microengineering fields, such as in the use of micropumps in
biosensors, small fuel cells, and drug-delivery equipment.
However, micropumps smaller than a micrometer scale do not
seem to be available for practical application. Trials that
involve the downsizing of existing pump have encounterd
serious difficulties because of the relatively greater effects of
viscosity and friction in a microscopic system. However, it is
well-known that laser trapping is a useful tool for transporting
objects smaller than the scale of several tens of micro-
meters.10,23−26 Several studies have shown that centimeter-
sized objects at an interface can be transported by laser
through a thermocapillary effect.27−32 Thus, methods for
transporting objects on a scale between several millimeters and
several tens of micrometers are needed.2 Recently, Wang et al.
reported that directional flow on the scale of several cm is
generated by the use of a laser beam, through the
photoacoustic effect.33 The driving force is attributed to the
generation of cavity caused by laser irradiation. Although this
methodology seems to be interesting, we have to consider the
possible effect of chemical damage induced by the breakage
shock of the cavity.34
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In this study, we examined a mixture of water and
trimethylamine (TEA), in which we previously observed the
formation of a flower-like dynamic pattern with radial
symmetry as a result of the generation and annihilation of
microdroplets under continuous irradiation by a focused
laser.4,5 As shown in Figure 1a, an infrared laser (1064 nm

Nd:YAG laser, Millennia IR, Spectra-Physics; output power 0.5
W) was passed through an oil-immersion objective lens (×100,
numerical apparatus; 1.3) with an inverted microscope (Nikon
ECLIPSE TE300). The photointensity on the solution after
passing through the objective lens was ca. 50 mW.11 The
images were recorded at a field of view of 45 × 60 μm2 every
1/30 s using a high-sensitivity monochromic digital video
camera (Nikon WAT-120N). The temperature was set to 291
K to ensure that the solution was near criticality; see, e.g., refs
1 and 12. For preparation of the sample solution, triethylamine
(TEA) and pure water were mixed in a volume ratio of 1:1.
After vigorous mixing, the solution was allowed to stand for
more than 1 h before the experiment. In Figure 1b, we have
shown the visual images on the water and triethylamine
solution, revealing the clear macroscopic phase separation
when the solution has been standing still more than several

hours. By shaking the solution or mechanical agitation, the
solution becomes turbid for the period of several tens of
seconds, indicating the occurrence of microphase segregation.
For the experiment of laser irradiation in the chamber, we
transferred a part of TEA-rich phase (upper layer) from the
well-separated solution (the panel of before mixing, Figure 1b)
to the thin glass chamber in a fully occupied state with tight
shielding from the outer environment (lateral view in Figure
1a). In the present study, we have examined the effect of spatial
asymmetry on dynamic flow pattern. By adapting a very simple
method to introduce spatial asymmetry, we placed a glass plate
near the laser focus, as indicated in Figure 1a and the top
picture of Figure 2.

Figure 2 shows the results of laser irradiation for a
homogeneous solution that was allowed to equilibrate for
more than 1 h, and the spatiotemporal diagram after the start
of laser irradiation. The snapshots on the bottom of Figure 2
depict/illustrate the area around the laser focus at 0.2 and 10 s
together with the corresponding flow profiles. Under laser
irradiation, microdroplets successively emerge at the focus, and
the generated droplets escape into the surrounding solution.
Then, the droplets tend to merge into the solution and
disappear. The driving force of the escaping motion around the
laser focus is attributable to the gradient of dielectric potential
together with scattering force, i.e., lower dielectricity, or
refractivity, of emerging droplets with richer water content
caused the repulsive effect from the laser focus as described in
previous studies.4,5 The outgoing flow generally becomes
asymmetric and transforms to directional flow after a few
seconds (the bottom pictures in Figure 2). The flow profiles
are depicted in 2D, which were obtained through a Fourier

Figure 1. (a) Schematic illustration of the experimental setup. A
Nd:YAG laser (1064 nm) was applied at a fixed power of 0.5 W. The
laser light was passed through an oil-immersed objective lens with an
inverted microscope, where the focus is denoted by a red “x”. The
chamber was fully filled with TEA-rich solution and shielded from the
outer environment. To introduce spatial-asymmetry in the exper-
imental system, a glass sheet with a width of 0.15 mm was situated on
the right-hand side of the chamber. (b) Effect of mechanical agitation
on the macroscopic phase-separated solution of water and TEA with a
volume ratio of 1:1 at room temperature (291 K). Just after agitation,
the solution becomes turbid and then tends to be transparent,
accompanied by growth of the phase separation.

Figure 2. Spatiotemporal diagram for the water−TEA mixed solution
(volume ratio, 1:1) from the start of laser irradiation, showing that
microdroplets of water emerge continuously under situational laser
irradiation. The images at the top show snapshots at t = 0, 2, and 8 s.
The emerging droplets tend to escape from the focus driven by the
local increase in pressure near the region of droplet generation. The
snapshots at the bottom exemplify flow patterns at different time-
stages at 0.2 and 10 s, which were obtained by 2D FFT analysis. The
flow velocity arrow was determined from the slopes of spatiotemporal
diagrams with different geometrical directions.
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image analysis. The time development of directional flow is
found. The fluid velocity was evaluated on the basis of an
analysis of the saptio-temporal dynamics by ImageJ/Matlab.
For the initial radial symmetric flow (t = 0−2 s), the velocity in
the positive direction along the y axis was 52 ± 7 μm/s for the
region around 5−10 μm from the focus and that in the
negative direction was 47 ± 14 μm/s. For t = 2−5 s, the
velocity in the positive direction along the y axis increased to
ca. 100 μm/s, whereas that between the boundary and laser
focus, i.e., the negative direction, were not so different (positive
directional flow 105 ± 57 μm/s and negative directional flow
48 ± 15 μm/s). Interestingly, the flow velocity in the positive
direction increased to ca. 180 μm/s, for t = 7−8 s. Thus, we
successfully constructed a micropump that increased the
directed velocity of water droplets by more than 3-fold
compared to the initial radial symmetric flow. In the present
study, directional flow is induced by the combination of the
photoinduced dielectric potential caused by the focused laser29

and the geometrical asymmetry of the environment/boundary
condition around the laser focus. On the basis of the results of
past experimental studies concerning the effect of laser
irradiation on to the mixed solution near critical condition of
phase separation,4,11,19 it is expected that the dielectric
potential caused by the focus laser is the main contributor to
generate the microphase separation. For the homogeneous
mixture between water and TEA under geometrically
symmetric condition, it has been confirmed that essentially
the same dynamical pattern of the droplets is observed with
either H2O and D2O, or with a laser wavelength of either 800
and 1064 nm.18 Here, it is noted that the absorption of D2O is
less than 1/10 compared to H2O at 1064 nm; i.e., the heating
effect is significantly different between D2O and H2O, if one
considers the microphase segregation as the main factor. It was
also found that laser focusing on a microdroplet in a solution
with lower critical solution temperature, LCST, causes
disappearance or homogenization, i.e., the opposite effect
against laser heating.19 In relation to the possible temperature
effect, it was reported that a focused IR laser caused an
apparent increase of the temperature on the laser spot, where
the irradiation was performed for a homogeneous solution
under negligible convective flow.35 On the basis of these
considerations, we conclude that the relatively fast fluid flow
caused by the continuous emergence of droplets is attributable
mainly to the dielectric effect by the focused laser.
To verify the experimental findings and pinpoint the essence

of the underlying mechanisms, we examined the simple model
shown in eq 1:

∂ ⃗
∂

+ ⃗·∇ ⃗ = −∇ + ∇ ⃗
u
t

u u p
Re

u( )
1 2

(1)

where u⃗ is the velocity of the fluid, p is the pressure, and Re is
the Reynolds number. Here, we ignored the inertia term
because of the low Reynolds number as mentioned below. To
clarify the essential mechanism of directional flow in a simple
manner, we reduce the dimentionality of the experimental
system to two-dimensions by adapting the approximation that
change in the effective Reynolds number for regions with
different heights as in the lateral view in Figure 1a. Figure 3
exemplifies the numerical simulation with eq 1 under two-
dimensional approximation. We adopted Reynolds numbers,
Re, of 8 × 10−3 for the bulk solution in the fluid field and 5 ×
10−4 for the local area, where the glass sheet was situated on
the bottom of the glass chamber, as shown in the top view in
Figure 1a. These values correspond to the experimental data
determined from the observed viscosity of a water-triethyl-
amine system.36 We adapted a simple assumption that is the
pressure at the laser focus linearly increases with reduced time
from τ = 0 to τ = 8. The point with red “x” in Figure 3a was
chosen as the laser focus on the simulation array of 100 × 100
in reduced length. The time step in caliculations is set to 10−4

to ensure numerical stability, and the differential equation is
solved by the cubic interpolated polynomial (CIP) method.37

In Figure 3b,c are shown two snapshots of the flow dynamics
at τ = 0.2 and τ = 8, respectively, close to the proximal area
around the laser spot. These numerical results reproduce the
essential aspect of the observed flow profiles in Figure 2
regardless the very simple approximation. Initially, isotropic
flow escaping from the laser spot is observed, which gradually
evolves into strongly anisotropic directed flow away from the
boundary, as indicated by the vector-field. On the basis of the
experiments and calculated results, we can conclude that the
spatial asymmetry of viscosity is essential for creating strongly
directed flow.
The present study has demonstrated the successful

generation of directed flow by a continuous laser irradiation
is achieved by introducing geometrical asymmetry in the
experimental chamber. This self-establishing directional flow is
regarded as a new type of light-driven micropump/motor,
being difficult from the past studies.38−41 The findings may
also lead to the development of microsized pumps and motors
that could not be engineered before on such a small scale.
Further studies on the development of new optical pumps
would be awaited to examine various liquidus system near
criticality, which are composed of different kinds of chemical

Figure 3. Numerical simulations on the flow pattern for a simplified 2D model. (a) The simulation was performed with a 2D square, X = [−50, 50],
Y = [−50, 50], where the focus point is at X = 0, Y = 5, which are dimensionless values in calculations. To take into account the effect of
geometrical asymmetry on depth, we adopted different Reynolds numbers, Re, as indicated in the figure: Re = 8 × 10−3 and Re = 5 × 10−4 for the
upper and lower parts in the calculation region, respectively. (b) Snapshot of the flow pattern at τ = 0.2. (c) Snapshot at τ = 8. The region in orange
corresponds to a square area around the laser spot with a width of 60.
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species, together with the investigation toward more effective
spatially asymmetric arrangements.42,43
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