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Nanosystems operating in liquid media may suffer from random Brownian motion due to thermal fluctuations. Biomolecular
motors exploit these random fluctuations to generate a controllable directed movement. Inspired by nature, we proposed and
realized a nano-system based on Brownian motion of nanobeads for linear transport in microfluidic channels. The channels
limit the degree-of-freedom of the random motion of beads into one dimension, which was rectified by a three-phase
dielectrophoretic ratchet biasing the spatial probability distribution of the nanobead towards the transportation direction. We
micromachined the proposed device and experimentally traced the rectified motion of nanobeads and observed the shift in the
bead distribution as a function of applied voltage. We identified three regions of operation; (1) a random motion region, (2) a
Brownian motor region, and (3) a pure electric actuation region. Transportation in the Brownian motor region required less

applied voltage compared to the pure electric transport.
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1. Introduction

Brownian motion is random motion of microscopic
particles in liquids due to thermal fluctuations. It is one of
the dominating phenomena at the nanoscale.” Feynman
popularized it in his lectures to explain the possibility to
rectify Brownian motion in order to obtain a directed motion
by using a mechanical ratchet operated far from thermal
equilibrium.? Instead of the thermo-mechanical ratchet that
was difficult to implement, the use of switching periodic
asymmetrical potentials, so-called Brownian ratchets (mo-
tors), was proposed. Although most of the studies are
concentrated on theoretical investigations*® and simula-
tions,”® some practical implementations of the ratchets were
reported as well in different areas such as particle pumping,”
separation and/or transport of particles'®'" or DNA.'? The
ratchets have provided a model for artificial molecular
motors and machines.!*!'¥ Furthermore, biophysicists are
able to explain the working mechanism of bio-molecular
motors, e.g., myosin.”>'7? Bio-molecular motors exploit
random thermal fluctuations to obtain a directed motion on
predefined paths.®!7!® Taking the above into consideration,
Brownian motion is a good candidate of being a motive
force for the actuation of nanoscale objects.

This work aims to develop a device called a linear
Brownian motor (LBM), which exploits random thermal
fluctuations to achieve the linear transport of nanoscopic
particles in microchannels of comparable sizes as the
particles. We employ micromachined electrodes to provide
a multi-phase dielectrophoretic (DEP) rectification in order
to bias the spatial probability distribution of the nano-
particles. This is different from the popular asymmetric
(saw-tooth shape) and periodic potentials,*® where elec-
trical force is directly responsible to move the particles to
potential minima. In our device, the displacement between
electrodes is achieved by Brownian motion of the particle
itself. Consequently, the required voltage and energy

*E-mail address: ersin@iis.u-tokyo.ac.jp

consumption are lower when thermal energy is utilized for
the transportation of the particle as compared to a pure
electric transportation.

2. Principle

Biomolecular motors move unidirectionally on some
guiding structures such as microtubules in kinesin and actin
filament in myosin.'®'® Those structures constrain the
motion of biomolecular motors into one direction. This
inspired us to tame the random motion and limit the degree-
of-freedom of nanoparticles by using some microchannels.
However, if even we achieve to tame the motion, it will be
random motion in one dimension (1D). We propose to use a
ratchet based on DEP force to direct the random motion.

The working principle of the Brownian motor is given in
Fig. 1. A bead is initially trapped on an electrode (a-b) in a
channel containing de-ionized water (DIW). By switching
off the voltage, the bead starts Brownian motion and the
probability density function of a bead position becomes
wider (c). Then, the electrodes of the next phase are
energized. The bead is able to move between electrically
inactive electrodes. However, when the bead happens to
come to the active electrode, it is trapped on that electrode
and the density function will be like the one shown in (d). By
continuing this flashing procedure, the probability of the
transportation of the bead to the right will be higher than to
the left. Since the applied voltage is lower than the one
needed for a pure electrostatic transportation (direct attrac-
tion of a bead by active electrode from the adjacent inactive
electrode), the thermal energy causing Brownian motion
contributes for the transportation of the bead.

Our device (Fig. 2) employs microchannels to limit the
three-dimensional (3D) random motion of nanobeads to 1D
motion. Three-phase electrodes rectify this 1D motion. The
equally spaced electrodes are 3 um in width and separated
from each other by 2 um, which are reasonable dimensions
for conventional lithography. Due to observation limitations,
the diameter of the nanobead was selected as 0.5 um. The
depth and the widths of the channel were designed as 1 and
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Fig. 1.
phase dielectrophoretic ratchet. (a-b) Trapping of a bead on an active
electrode. (c) Probability distribution of the bead position due to
Brownian motion. (d) Activation of the next phase and trapping of the
bead. On the inactive electrodes, diffusion continues since electrostatic
force is not sufficient to attract a bead directly. (e) Next Brownian motion
step. Repetitive ON/OFF cycling of three-phase produces net-unidirec-

Principle of a micromachined linear Brownian motor and three-

tional motion.

TAMING BY
PDMS CH
(@)
"

FIELD [TE] .

ROWNIAN

PDMS

1MHz

GLASS *
2

ELECTROSTATIC RECTIFICATION

]
T
1
T

Fig. 2. (Color online) (a) Schematic of micromachined linear Brownian
motor. Patterned PDMS sheet on a glass substrate provides micro-
channels. 3D Brownian motion is tamed in microchannel and turned into
1D motion. ITO line electrodes of 3um wide and 2um spacing were
made on the glass substrate. The channels and the electrode were placed
orthogonally to each other. Three-phase electrostatic field rectifies this
random motion. (E-field is shown on the left side only. Device is not to
scale.) (b) Cross-section of fabricated device. PDMS microchannel depth
is 1 um and one end is closed.

2 um, respectively. 3D random motion of the nanobead is
tamed in an easy, simple and inexpensive way.

During the rectification, the electrostatic trapping force is
kept small enough to prevent attraction of the bead directly
from the adjacent inactive electrodes, but sufficient to
counteract the Brownian force on the active electrode. A
bead travels from one electrode to the next by Brownian
motion and so the energy used for the unidirectional
transport is reduced. With the rectification in one direction,
the probability that the bead moves in that direction becomes
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Fig. 3. Electrical field calculation by the image charge method. Line

electrodes are represented by cylindrical conductors with a radius
corresponding to the half of the thickness of fabricated electrodes.
Center-to-center separation is 2b. Potential difference between electrodes
is V and charge density per unit length is p;. The distances of the point
P(—x,y) to the imaginary charges are R and R;, respectively. Gradient of
electrical field squared with respect to x gives dielectrophoretic force in x
direction keeping y as constant at the center of the channel.

higher than the probability that it moves in the opposite
direction. These arguments imply an operation window for
LBM. We utilize two phenomena in our motor; Brownian
motion and electric force on a particle at high frequencies.
This force causes dielectrophoresis (DEP), which is the
induced motion of a polarizable particle in a non-uniform
electrical field.'”?? Time averaged forced on a particle can
be given by

(Fpep) = 27a* e Re{ fom} VI Ems s (1)

where a is the radius of the nanobead, &, is the permittivity
of medium (eprw = 80gy, where gy is the permittivity of
vacuum), Re{ foym} is the real part of the Clausius—Mossotti
factor, which changes between 1 and —0.5 for a spherical
particle, and E.n is the root-mean-squared electrical field
strength, respectively.!®! The force is dependent on the
gradient of electric field squared. The real part of the
Clausius—Mossotti factor can be taken as 1, which is
commonly done. In the simplest case, Brownian force can
be estimated as follows. Let us assume that each segment
of random motion is in the order of the diameter of the
nanobead, 2a. The particle has the same thermal energy, kT
(k is Boltzmann’s constant and 7 is the absolute temperature
of the medium, respectively), as the surrounding liquid
molecules. This energy should be equal to the work done by
Brownian force acting over 2a. Therefore, Brownian force is
estimated to be equal to kT /2a.?

To estimate the necessary field strength and force that
counteract the Brownian force (threshold force), we
assume that a pair of active and inactive electrodes can be
represented by two conducting cylinders of radius @’ and of
infinite length (Fig. 3). The field can be solved analytically
by the image charge method.?® Charges on electrodes can be
replaced by two imaginary line charges located inside the
cylindrical electrode. We can determine the charge density
of line charges from the applied voltage between them.
Exactly speaking, each line charge is not located at the
center of the cylinder. This offset can be neglected if the
diameter of cylinders is much smaller than their separation,
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Fig. 4. (Color online) Dielectrophoretic (DEP) force at the center of
channel by analytical calculation proposed in Fig. 3. Center-to-center
distance of electrode, the depth of the channel, radius of the nanobead and
the diameter of the electrodes are assumed as 2.5, 1, 0.25, and 0.05 um,
respectively. Force is calculated at room temperature in DIW. As
compared to the threshold force, kT /2a, associated with Brownian
motion, DEP force at 0.05Vips (0.1V,, square wave) is small. At
0.25 Vims (0.5 V., square wave) and higher, DEP force dominates over
threshold force.

which holds in our case. We will calculate the electrical
field at a point, P(—x,y), at the center of the channel
(y = t/2, where t is the depth of the channel.). The distances
between P and two line charges located at C; and C, are R,
and R,, respectively. The electric field is given by the
formula:

C\P PGy
1% 1 Pi 2
| = and E, = .
2megR |C—1}>)| 2meoR, |P—C;|
We can find electric field, E, by vector addition as
E=E +E,. 3)

By taking the gradient of the absolute value of E squared,
we can calculate the DEP force in the longitudinal direction
at the center of the channel analytically.

, OE?
VIE|" = — “
ox y=0.5um

We have calculated the force for different applied
voltages and the radius of the cylinders was set to 100 nm
with a separation of 2.5 um (Fig. 4). By comparing the DEP
force to the threshold force, we can conclude that 0.05 Vs
(0.1 Vpp, square wave) is the lower limit to put a control
on the bead. Increasing the voltage increases the force. At
0.25 Vs and higher, the DEP force is much stronger than
the threshold force. Above this region, particles will be
attracted or transported electrostatically. Consequently, we
experimentally operated the system between 0.1 Vi
(0.2Vpp) and 0.5 Vi (1 Vpp) at 1 MHz and examined the
motion of particles to identify three regions of operation that
are (1) a random motion region, (2) a Brownian motor
region, and (3) a pure electric actuation region.

3. Experiments

3.1 Fabrication
Our experimental device consists of a cover glass
(Matsunami, 24 x 36 mm?) with indium tin oxide (ITO)
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Fig. 5. (Color online) Digital microscope image of fabricated device

(Keyence VHX-500). Two pairs of three-phase ITO electrodes are
aligned with the dead-end PDMS microchannels. Electrode spacing is
2.5um. The width of the channels are 2 and 3 pm. Depth is 1 pm. Left-
bottom is the schematic.

electrodes covered by a poly(dimethylsiloxane) (PDMS)
sheet with microchannels aligned to the electrodes
[Figs. 2(b) and 5]. For the electrode fabrication, we used a
lift-off process. First, a S1818 photoresist (Shipley) of 2 um
thickness was patterned on the glass. After the postbake of
the resist, the glass was isotropically etched in a buffered
hydrofluoric acid (BHF, 1%) for 30 s to a depth of 100 nm in
order to facilitate the lift-off process. After etching, a 100 nm
thick ITO layer was sputter-deposited and a lift-off process
was performed by dissolving the photoresist with acetone in
an ultrasonic bath. PDMS microchannels were prepared
from a silicon (Si) mold. Si substrate was cleaned first and
then spin-coated by the same photoresist. After patterning,
Si was etched in deep reactive ion etching (STS MultiPlex
ASE, ST3644) system for 1um with a process used for
photonic crystals. After removal of the photoresist, the
surface of the substrate was modified by CHF; plasma in a
reactive ion etching system (Samco RIE-10NR) to enhance
the removal of PDMS from the mold.?*?> The mixture for
PDMS was prepared from silicone elastomer, curing agent
and FZ-77, respectively (500:50:1 by weight, Dow
Corning). PDMS is hydrophobic;*® hence we included
FZ-77 to make it hydrophilic to fill the bead suspension by
capillary forces in the microchannel. After mixing, it was
degassed, and poured onto the Si mold, and spin coated
(300 rpm—60's, 3000 rpm-2s). Following this, PDMS was
cured at 110°C on a hot plate for 1 h. The thickness around
the channels was measured as 93 &+ 2 um. The PDMS sheet
was peeled off and inlets were punched and opened. The
channels were optically aligned by an aligner (Union PEM-
4) with ITO electrodes.

3.2 Procedure

Experimental observations were performed with an
inverted microscope (Olympus IX71). The aligned sample
was fixed onto a pinch board whose center had a hole for the
objective of the microscope. The sample was fixed onto the
stage of the microscope and electrical connections were
provided by a conductive tape. An IC circuitry switched
ratcheting voltage. Light-emitting-diodes were used at the
outputs of the circuit to synchronize the system with the
recording apparatus (Sony RDR-HX10). Diluted suspen-
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(Color online) Rectified Brownian motion of nanobeads and net-unidirectional motion to the open end. Nanobead A is

transported over 20 um in 100 s, while nanobead B wanders around. This eliminates the possibility of a bias due to micro-flows or
electrostatic attraction. Inverse motion is possible in Brownian motor due to random nature of the motion. Trapping mainly occurs
at the electrode corners due to dielectrophoretic effects. Square wave at 0.1 and 0.2 V,—1 MHz is applied. Electrodes are
superimposed to the displacement graph. Black rectangles stand for excitation of the electrode and correspond to 4s. Time-scale
errors are around 0.2s. Due to fabrication, electrode separation is 2.5 um rather than 2 um.

sion of fluorescent nanobeads [fluoresbrite plain micro-
spheres, 2.5% solid latex, 0.5 um, yellow-green, Polyscien-
ces, 1 (initial concentration) : 800 (DIW)] was injected into
the inlet. After it reached the microchannels, the second
injection was done from the second inlet, and then it was left
untouched until stabilization was achieved. During the
injection, it was observed that air leaked out either through
inlets and/or PDMS, which was gas permeable.’®?”) The
counter ITO electrode consisting of the coverglass whose
both sides had sputter-coated by ITO was placed on the
PDMS sheet. 1D random motion of the beads was confirmed
by the optical microscope.

The system was operated and recorded with a speed
of 30 frames/s. The recorded video in AVI format was
analyzed by the tracking analysis software, Cosmos. The
excitation of the electrodes or rectification was performed
from the closed end to the open end to eliminate any bias
related to the micro/nano flows that could be caused by
inlets. A nanobead with a diameter of 500nm in DIW at
room temperature has a diffusion constant of 0.987 um?/s
and a root-mean-square displacement of 2.8 um in 4s in
DIW at room temperature. This time interval is sufficient for
the nanobeads to experience Brownian motion and to diffuse
easily between electrodes with 2 um (or 2.5 um) of spacing.
We applied voltage at the high frequency because an
undesirable liquid flow was created at low frequencies due to
AC electro-osmosis (fluid motion caused by interaction of
ions in the double layer with electrical field).!*?” We
applied the voltages between 0.1 to 0.5 V. Electrodes of
one phase were switched on and off for 4 s successively and
shown as horizontal bars in the displacement characteristic
to simplify the visualization of the motion of the beads on or
near to the electrodes.

4. Results and Discussion

The displacements of nanobeads, A (0.1 Viys), B
(0.1 Vims), C (0.2Vyys), and D (Brownian motion as a
reference without voltage application), with time are given in
Fig. 6. (Electrode spacing was 2.5 um, which was believed to
be caused by excessive etching of photomask in Cr etchant.)
The nanobeads, A and C, move to the rectification direction

with occasional reverse motions. The graph indicates that
nanobead A and C are transported over 20 and 10pm,
respectively, approximately in 100s. While the motions of
the bead A and, to some extent, the bead C are rectified with
some backward motion, B wanders around. This shows the
stochastic nature of LBM. Furthermore, this supports that the
motion of A is not a linear motion due to electrostatic forces
but a dielectrophoretically rectified Brownian motion in
predefined direction. With the applied voltage between 0.1
and 0.2 Vs, the electrostatic field is only effective in the
vicinity of the electrodes. This suggests those operation
conditions correspond to the Brownian motor region.

We have worked with larger numbers of particles to
investigate the net-displacements of the nanobeads at differ-
ent voltage levels. Displacement videos are divided into
100s, and the distance from final position to the initial
position of the beads (net-displacements) are determined
(Fig. 7). The mean value and standard deviation were
calculated for each distribution. The distributions shift to the
rectification direction with increasing voltage. According to
experimental results, the random motion region is less than
or around 0.1 Vs, where transportation is barely observed,
even though we sometimes achieved the rectification (nano-
bead A, Fig. 6). (A finite resistance has been measured in
ITO electrodes which may cause a voltage drop in the
double layer and effective voltage might be slightly smaller
than 0.1 V;..'”) Beads moved more obviously to one
direction around 0.25 V., which we believe lies in the
Brownian motor region or at the beginning of the pure
electric actuation region. The shift is clear around 0.5 V.
The tracking analyses around 0.5 V,,s showed abrupt
displacements of the beads; this observation reinforces the
existence of the directed motion due to external force. This
suggests that it is in the electric actuation region.

Although we assume that Brownian motion and DEP forces
are effective in the system, there can be different phenomena
causing the motion of the beads. Those are mainly gravita-
tional force with buoyancy, AC electro-osmosis, thermal
flows, convection and electromagnetic forces. Our system
operates at high frequency, 1 MHz, and uses 800 times diluted
suspension of 500 nm fluorescent nanobeads in DIW. Under
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Fig. 7. (Color online) Displacement of nanobeads in 100s at different

excitation voltages. Increasing applied voltages shift the distribution to
the rectification direction, i.e. to the right. Displacements are rounded to
the nearest integer multiples of 5.  and o stand for the mean and the
standard deviation of the distributions. Three particles at 0.5 Vi
displaced 10, 15, and 25 pum, respectively in 80s.

these conditions, we carefully calculated those forces and
came to the conclusion that the magnitudes of these
phenomena are negligible compared to Brownian motion
and DEP.!%20 Therefore, Brownian motion and dielectro-
phoretic rectification were dominant in our system.

In contrast to Brownian motors based on the asymmetric
and periodic potentials,*® our system generates directed
motion by utilizing a three-phase dielectrophoretic ratchet.
Both approaches utilize an ON/OFF mechanism to take the
system out of equilibrium. However, in case of asymmetrical
potentials, during ON state, particle stays at or moves to
potential minima, while in our case the particle are able to
experience random motion. In asymmetrical potentials, the
particle experiences Brownian motion during the OFF state.
When the particle is trapped by the adjacent asymmetrical
potential in the ON state, it is attracted to the potential
minima by electrical forces.®

In our system, in the Brownian motor region, we have
achieved transportation of the nanobeads with lower applied
voltages than the pure electric actuation region, which
reduces energy consumption. However, smaller average
values of distributions at lower voltages in a fixed time
indicates an expected trade-off between energy saving and
the average speed. As a result, our system is less effective in
terms of positive transport of particles in a fixed time but
reduces energy consumption.

The system can be further characterized by investigating
different parameters which have some effect on Brownian
motion and DEP force. These parameters include the
switching time (ON and OFF time), dimensions (the particle
size and the electrode spacing), and the medium (viscosity,
temperature, and permittivity). We have been working on
the experimental characterization of the net-transport of
the beads by changing different parameters experimentally.
We are also performing simulations to compare results
with experiments and to determine the optimum region of
operation.

5. Conclusions

We used a micromachined three-phase dielectrophoretic
ratchet to rectify the Brownian motion of nanobeads in a
linear microfluidic channel. By increasing the rectification
voltage, we observed the transition from random motion to
pure electric actuation of nanobeads. In the middle of those,
there was a voltage window where the Brownian motion
contributed to the transport of nanobeads in the predeter-
mined direction. This study may lead to a better under-
standing of effective and efficient transportation of nano-
particles in artificial systems that exploit random thermal
motion. To further strengthen the case for using random
thermal motion as a driving mechanism, we are currently
collecting statistical data on the transportation of larger
numbers of particles by experimentally characterizing LBM
with different parameters. These results will be compared
with our models and simulations.
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