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We report on a transport system for nanobeads that exploits Brownian motion as the main actuation
source, saving energy compared to a purely electrostatic transport system of the same geometry. The
transport system employs a microfluidic channel to restrict Brownian motion of the nanobeads to only one
dimension and a 3-phase dielectrophoretic flashing ratchet to bias the spatial probability distribution into
the rectification direction for one-dimensional transport. A numerical model of the system is developed
and applied to investigate its performance. A micromachined transport system is fabricated and employed
rownian motion
rownian motor
icrochannel
anobeads
et-unidirectional motion
umerical analysis

to experimentally validate the model with the confirmation of the optimal operation point. Numerical
model and experiments have shown good agreement.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
DMS
atchet

. Introduction

Microsystems for transportation of small objects were demon-
trated using conventional actuation methods such as electrostatic
omb-drive actuators [1], thermally actuated ciliary motion of
rrayed bimorph cantilevers [2], distributed pneumatic actuators
3], and acoustic waves [4]. However, in general, by reducing the
ize of objects being transported down to micro- and nanoscales,
hysical and/or chemical phenomena negligible at macro-scales
an come into action and even be employed for the actuation.
or instance, recently, surface tension has been introduced for the
ctuation of microstructures [5], and catalytic reactions have been
mployed for rotation of nanorods made of Au and Pt [6], and cargo
arrying [7].

Brownian motion, caused by thermal fluctuations in liquids
8–10], is one of the dominating phenomena at nanoscale, and
herefore a promising candidate for actuation of nano-objects.
io-molecular motors have evolved to exploit this thermal phe-

omenon in the realm of low Reynolds number where inertial

orces are overwhelmed by viscous forces that damp any motion
10–12]. For nanosystems operating in liquid, therefore, it would
e preferable to accommodate the effects of Brownian motion sim-

∗ Corresponding author. Tel.: +81 03 5452 6249; fax: +81 03 5452 6250.
E-mail addresses: e-altintas@bk.jp.nec.com, ersin@iis.u-tokyo.ac.jp (E. Altintas).

924-4247/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All ri
oi:10.1016/j.sna.2009.05.022
ilar to bio-molecular motors. However, due to the stochastic nature
of Brownian motion [9,12–16], a defined motion is not achievable
unless external energy is introduced into the system [14]. In this
sense, flashing ratchets or Brownian motors are good examples how
to rectify the random thermal motion [9,14–16].

In this paper, we introduce an alternative nano-transport system
of nanoparticles (nanobeads) based on Brownian motion, i.e. a lin-
ear Brownian motor (LBM), inspired by bio-molecular motors. LBM
employs microchannels to restrict the random motion of nanobeads
into one dimension in a similar fashion as microtubules and actin
filaments guide kinesin and myosin, respectively (Fig. 1a) [10,12].
The net-unidirectional or directed motion of nanobeads is achieved
using 3-phase dielectrophoretic rectification to bias their spatial
probability distribution as illustrated in Fig. 1b. In this way, the
probability of a nanobead moving in rectification direction becomes
higher than the probability of that nanobead moving in the oppo-
site direction. This approach is different from Brownian motors
based on asymmetric and periodic potentials, where electrical force
is directly responsible to move the particles to potential minima
[15,16]. In our system, the electrostatic trapping force used for rec-
tification is kept small enough to prevent attraction of the nanobead

directly from the adjacent inactive electrodes (grounded) which
gives rise to an electrically actuated transport (i.e. electrostatic
actuation region). On the other hand, the force must be sufficient
to counteract the Brownian force on the active electrode (voltage
applied) to overcome random effects of the motion. This implies the

ghts reserved.
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ig. 1. (a) Schematic of micromachined linear Brownian motor (LBM). Patterned PD
n the microchannel and turned into 1D motion. ITO line electrodes of 2 �m width a
re placed orthogonally to each other. 3-Phase electrostatic field rectifies this random
y 3-phase DEP (flashing) ratchet and biasing the spatial probability distribution of

xistence of three different regions of operation; (i) electrostatic
egion, (ii) Brownian motor region and (iii) Brownian motion (ran-
om) region. In the Brownian motor region, Brownian motion is the
ominant source of actuation to transport nanoparticles between
lectrodes, and electrostatic force is the rectifier. Consequently, the
riving voltage and the energy consumption in LBM that exploits
rownian motion for the transportation of the nanoparticle are

ower compared to the same system that uses the pure electrical
ransportation.

Previously, we have proved the feasibility of the LBM and
hown its performance as a function of applied voltage. Further-
ore, we have shown that the effects of alternative current (AC)

lectro-osmotic and thermal flows on the motor performance were
egligible [17,18]. In this paper, we develop a numerical model
nd use it to further investigate the performance of the system
s function of different design and actuation parameters, such as
ize applied voltage and switching time. In addition, we have fab-

icated an improved LBM with increased number of electrodes and
mployed it to experimentally validate the theoretical model. The
ptimal transport region of LBM is investigated both theoretically
nd experimentally.

ig. 2. (color online) Cross-section of modeled device by finite element methods
Comsol). The device is composed of glass (εr = 4.2), oxide dopant coating (OCD,
r = 4.2), microchannel with DIW (εr = 80) and PDMS (εr = 3). The thickness of glass
nd PDMS is set to 5 �m due to resolution limits. Color represents the electrical
otential, and arrows directing towards electrodes represent dielectrophoretic (DEP)

orce. 0.25 V is applied to the electrode at the center and the others are grounded.
he diameter of the particle and the temperature is 500 nm and 25 ◦C, respectively.
ontinuity equations at the internal boundaries between interfaces are provided
nd any surface charges and polarizations at the interfaces are ignored. The outer
oundary conditions are set to zero-charge symmetry. The mesh size at the channel

s 50 nm, while it is 200 nm out of the microchannel region due to memory problems.
eet on a glass substrate provides microchannels. 3D Brownian motion is restricted
m spacing (LBM-4) are made on the glass substrate. The channels and the electrode
ion. (E-field is shown on the left side only. Device is not to scale.) (b) Transportation
obead.

2. Numerical model

The device was modeled by finite element methods in COMSOL
MultiphysicsTM (formerly FEMLAB).

The model consists of a microchannel with three integrated elec-
trodes buried into the glass substrate (Fig. 2). The microchannel,
which is 1000 nm high, is filled with deionized water (DIW). The
upper part of the channel is PDMS, while the lower part, in which
electrodes are located, is oxide dopant coating (OCD) deposited
on the glass. The diameter of the transported nanobead was set
to 500 nm. Electrical potentials of the electrodes were defined at
the electrode circumference. Relative permittivity of DIW at the
temperatures of 20 and 25 ◦C is 80 and 78.3, respectively. In our
numerical simulations, we assumed the relative permittivity of 80
ignoring the 2% difference. Furthermore, we assumed that dilution
of nanobeads with DIW and the applied frequency do not have any
influence on the properties of the DIW.

Dielectrophoresis (DEP) is the induced motion of polarizable
particles in a non-uniform electrical field. Time averaged DEP force
on a spherical particle is dependent on the volume of the particle
of radius a, the permittivity of the medium (εm), the real part of the
polarization factor (Clausius–Mossotti factor, fCM) and the gradient
of electrical field squared, which is given by

< FDEP >= 2�a3εmRe{fCM}∇|Erms|2 (1)

The properties of the particle, medium and the applied fre-
quency change the polarization factor, which ranges between
−0.5 and 1.0 for a spherical particle (or a nanobead). This fac-
tor determines the nature of DEP; positive or negative (attractive
or repulsive), respectively. The exact determination of this factor
is difficult. In our previous experiments we have observed that a
nanobead was attracted to the active electrode at 1 MHz, showing
that the factor is positive. In the simulations we assumed that it is
1 for simplicity of calculation, as commonly done [19,20].

In our 3-phase numerical system, the active electrode is set to
a certain voltage and other two inactive electrodes are electrically
grounded. The magnitude and behavior of DEP force at the center of
the channel was investigated. Based on these analyses, the DEP force
was calculated to be the highest at the center of the active electrode
and changing its direction towards the electrode edges. A particle
located in the vicinity of the active electrode is attracted towards

the center. This modeled DEP force decreased in an inversely cubic
manner with the distance, due to the assumption of semi-circular
electric field lines between electrodes [20]. The simplified model
was defined to follow the field distribution obtained by the finite
element on and around the active electrode (Fig. 3). Brownian
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Fig. 3. Comparison of forces at the center of PDMS microchannel. Threshold force
in magnitude is calculated dividing thermal energy by the diameter of the particle.
Active and inactive electrode is on the left and right, respectively. Force can reach
to inactive electrode due to increase in radius of a nanobead or applied voltage or
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this shows the importance of tON in the speed performance. When
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ecrease in electrode spacing (DEP force), which causes a purely electrical transport.

otion of nanobeads was modeled by random numbers with nor-
al distribution. Standard deviation was adjusted by the diffusion

onstant of the nanobeads used in the experiments. The nanobead
otion was simulated in one direction only. The threshold force

f the system was calculated as follows. Each segment of ran-
om motion was assumed in the order of the diameter of the
anobead. The particle had the same thermal energy as the sur-
ounding liquid molecules. This energy should be equal to the work
one by Brownian force acting over a distance equal to the diameter
17,21].

Different parameters, related to DEP force or Brownian motion,
nfluence the performance of the system. We have evaluated the
erformance of the system as a function of the size of the parti-
le, applied voltage, electrode spacing, viscosity and temperature,

witching ON/OFF time. Here, we will mention about the influence
f applied voltage and timing only.

ig. 4. (color online) Simulated speed performance of LBM-4 with respect to different pa
ode of operation. The window is Brownian motor region where Brownian motion is the

ange of electric force to attract a particle despite Brownian motion; 100% correspond to
ime, OFF time causes curves to peak at a value comparable to the expected diffusion tim
N time starts to dominate over the speed performance. The optimal speed is around 63 n
oltage is 0.25 Vrms, radius of the nanobead is 250 nm, permittivity of the medium is 80 ×
s 5 ms, and undersampling is 100, respectively.)
ators A 154 (2009) 123–131 125

2.1. Influence of applied voltage

The DEP force is related to the square of the voltage applied
[19,20]. In our first paper, we have shown that increased voltage
causes more shifts of the distribution of the nanobeads to the rec-
tification direction [17]. This implies that increasing voltage give
rise to an electrostatic actuation and an increasing average speed.
We can differentiate 3 different regions (Fig. 4a). Above 0.95 Vrms,
the force is able to attract the particle from adjacent inactive elec-
trodes despite Brownian motion, which gives rise to an electrostatic
actuation region. Below 0.075 Vrms, no net motion is observed and
LBM cannot provide control over Brownian motion, which leads to
a Brownian motion region. In the window region between 0.075
and 0.95 Vrms, transportation of nanobeads is partially achieved by
Brownian motion and DEP rectification (Brownian motor region).
The average speed in the Brownian motor region is less than that
of the electrostatic region. The average speed increases with the
applied voltage because of the increase in the rectification force,
which implies increase in the energy consumption.

2.2. Influence of switching time

The switching sequence, illustrated in Fig. 1b, is one of the most
important parameters of the Brownian motor. In our configuration,
electrodes of one phase are activated at a time. After the activation
period (ON time, tON), the voltage is switched off (OFF time, tOFF)
before the electrodes of the next phase are activated. The diameter
of our particle is 500 nm. In DIW at room temperature, diffusion
distance in 1 s is 1 �m in rms and comparable to the width and sep-
aration of electrodes. Therefore, the unit of tOFF and tON must be set
to seconds rather than milliseconds or minutes. Simulated perfor-
mance of our motor for different switching sequences is shown in
Fig. 4b. At low regimes of tON below 4 s, the speed performance
is strongly dependent on tOFF. With increasing tOFF, it increases
to peaks around 4.5 ± 0.5 s and then decreases. tOFF is compara-
ble to the expected diffusion time of particles between electrodes
tON is more than 8 s, the influence of tON dominates over tOFF. The
system reaches its optimal performance, which is around 63 nm/s,
when tOFF and tON are 0 and 16 s, respectively. However, further

rameters. All curves are fitting. (a) Influence of the applied voltage. It changes the
source of actuation and DEP force is the rectifier. Values in % represent the effective
the full electrode spacing. (b) Influences of OFF and ON time. At low regimes of ON
e of nanobeads (i.e. 8 s). As ON time increases, peaks shift to shorter OFF time and
m/s and attained when ON and OFF time is set to 16 and 0 s, respectively. (Applied

8.854 × 10−12 F/m, temperature is 25 ◦C, viscosity is 0.89 × 10−3 Pa s, time resolution
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ig. 5. Schematic top view of the device with the alignment of the PDMS and 3-pha
y capillary forces due to the hydrophilic channel walls.

ncrease of tON will not improve the performance of the system,
ince nanobeads stay on active electrodes for too long.

.3. Theoretical investigation of optimal switching

To theoretically investigate the optimal switching timing of
he system, we assumed two active electrodes that are infini-
ively narrow. These active electrodes serve as the absorbers of
anobeads. Two other electrodes located between these active elec-
rodes are electrically grounded and are not capable of attracting
he nanobeads. The mean time to capture a nanobead between the
ctive electrodes can be given by

bx − x2

2D
(2)

here b, x, D are the spacing between two active electrodes, posi-
ion of the nanobead and the diffusion constant of the particle,
espectively [22]. From this equation, it follows that the optimal

erformance of the motor is strongly dependent on the electrode
pacing, electrode width and diffusion constant (i.e. proportional
o the absolute temperature and inversely proportional to the size
f the particle and the viscosity of the medium). By increasing elec-
rode width implies an additional distance for particles to diffuse,

ig. 6. The flow of the fabrication of the device. (a) Patterning of photoresist, (b) Hardb
puttering, (e) shadow masking at electrode region by clean room (CR) paper and Cr–Au s
y CR tape and OCD coating, (h) Hardbake of OCD and wiring, (i) Manual alignment of PDM
cale and they do not correspond to the real cross-section of the device.)
electrodes. Total number of electrodes is 33. Introduction of nanobeads is achieved

increasing the optimal capture time. If we consider a 3-phase con-
figuration with an electrode width of 2 �m, then b will be equal to
14 �m due to the ability of the force to attract a nanobead 1 �m
away from the active electrode (Fig. 3). The average of mean time
to capture a particle anywhere between active electrodes will be
b2/2D, which is equal to 16.5 s for our system. This value is consistent
with the simulations.

3. Device fabrication

Our experimental device, schematically shown in Fig. 5, con-
sists of a glass substrate (Matsunami, 150 �m, 24 mm × 36 mm)
with indium tin oxide (ITO) electrodes covered by a
poly(dimethylsiloxane) (PDMS) sheet with microchannels aligned
to the electrodes. The flow of the fabrication process is shown in
Fig. 6. For the electrode fabrication, we used a lift-off process. First,
a S1818 photoresist (Shipley) of 2 �m thickness was patterned on
the glass (Fig. 6a). After the postbake of the photoresist (Fig. 6b),

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 (Fig. 6c). After etching, a 100 nm thick ITO layer
was sputter-deposited to form electrodes (Fig. 6d). Consequently, a
100 nm thick Cr–Au layer was deposited to define the wire bonding

ake of the photoresist, (c) Isotropic etching of the glass substrate by BHF, (d) ITO
puttering, (f) removal of CR paper and lift-off process, (g) protection of wiring pads

S and injection of nanobead suspension by capillary forces. (Images are not to the
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Fig. 7. Optical micrograph during experiment with LBM-4. Nanobeads are trapped
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net electrical charges on them and therefore they can experience
n the channels and they experience Brownian motion (OFF state). Orthogonal align-
ent of ITO electrodes with PDMS microchannels was achieved manually, and
isalignments were measured less than 2◦ . The monitor is able to show the whole

ectification area, and the nanobeads can be traced for a distance of 200 �m.

ads. Electrode region was protected by a shadow mask (Fig. 6e).
ollowing the metal deposition, a lift-off process was performed
y dissolving the photoresist with acetone in an ultrasonic bath
Fig. 6f). The sample was annealed at 300 ◦C for 5 h to increase
he conductivity of ITO electrodes. By protecting the pads with

masking tape, a hydrophilic insulation layer (Oxide Coating
opant, OCD, 12000-T) of expected thickness around 400 nm was

pin-coated for a smooth surface and baked. Finally, wire bonding
as conducted (Fig. 6gh).

On the other hand, PDMS microchannels were prepared from
silicon (Si) mold. A Si substrate was cleaned first and then spin-

oated by the S1818 photoresist. After patterning of the photoresist,
i was etched to 1 �m depth in a deep reactive ion etching system
Surface Technology Systems, STS, MultiPlex ASE, ST3644). After
emoval of the photoresist, the surface of the substrate was modi-
ed by CHF3 plasma [23], in a reactive ion etching system (Samco,
IE-10NR) to enhance the removal of PDMS from the mold [24].
DMS mixture was then prepared from silicone elastomer, curing
gent and FZ-77, respectively (500:50:1, in weight, Dow Corning).
DMS was hydrophobic; hence we included FZ-77 to in order to
ake PDMS hydrophilic, allowing it to carry the nanobead suspen-

ion with the help of capillary forces. After mixing and degassing,
DMS was poured onto the Si mold, and spin-coated at 300 rpm
or 60 s followed by 3000 rpm for 2 s. Next, the sample was cured
t 110 ◦C on a hot plate for 1 h. The thickness of the PDMS sheet
bove the channels was measured around 100 �m. Subsequently,
DMS was peeled off gently, and an inlet was punched and opened.
inally, the PDMS sheet was aligned and bonded with the glass sub-
trate to form the microchannels (Fig. 6i). The microchannels were
ligned manually to the electrodes and misalignments were mea-
ured at less than 2◦ (Fig. 7). The microchannels were 2 �m wide
nd 1 �m deep. The cross-section of the channel is slightly larger
han the diameter of the nanobeads (500 nm), allowing successful
onstrained motion into 1D [17,25].

In our device we have carefully chosen dimensions of the
icrochannels (1 �m in depth) and the size of the nanobeads

500 nm in diameter) in order to facilitate its fabrication and to
llow simple and reliable observation of the nanobeads during the
xperiments. In general, particles with smaller diameter (∼100 nm)
ill obviously experiences larger Brownian motion and accord-
ngly diffuse faster. However, fabrication of the microchannels with
imensions comparable with this particle size is not trivial. Due to
he low Young’s modulus of PDMS, channels with a small depth
an easily collapse and adhere to the surface of the glass substrate.
Fig. 8. Fabricated device used in the experiment. LBM-4 is fixed on a pinch board
with a hole at the center for the objective lens of the microscope.

On the other hand, by employing small nanobeads in relatively
large microchannels both control and rectification of their motion
become rather difficult. Furthermore, the optical microscope, used
for the monitoring of the nanobeads motion, imposes a resolution
limit making the observation of smaller nanobeads in a larger area
more challenging. In our design with dimensions mentioned above,
both fabrication and observation were possible. In our experiments,
we fixed the objective lens of the microscope on the overlapped area
of 33 ITO electrodes and 10 microchannels (Figs. 5 and 7). In this
way, we were able to observe the whole region where rectification
was performed.

4. Experiments and discussions

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 (Fig. 8). The sample was fixed onto the stage of the
microscope to prevent any external vibrations or mechanical stim-
uli. Electrical connections were provided by a conductive tape. The
3-phase switching was achieved using an IC circuit. We used a video
recording system to capture and analyze the experimental results
(Sony DVD recorder, RDR-HX10). The motion of the nanobeads was
recorded with a speed of 30 frames/s. Diluted suspension of flu-
orescent nanobeads (Fluoresbrite plain microspheres, 1.06 g/cm3,
2.5% solid latex, 0.5 �m, Yellow-Green, Polysciences Inc., 1 (orig-
inal):1000 (DIW)) was injected into the inlet. After the solution
reached the microchannels by capillary forces due to hydrophilic
walls of PDMS and the OCD layer on ITO electrodes, it was left
untouched until stabilization was achieved. During the injection,
it was observed that air leaked out either through the inlet and/or
PDMS, which was gas permeable [26,27]. Next, the counter ITO elec-
trode with good conductance was placed on the PDMS sheet. This
electrode consists of the cover glass whose both sides were sputter-
coated by ITO. The counter electrode were electrically grounded
using a mechanical probe. The applied voltage between active
electrodes and the counter electrode is set to 0.25 Vrms at 1 MHz.
The high frequency signal is used to prevent an undesirable liq-
uid flow created at low frequencies due to the AC electro-osmosis
[17,20,21]. In addition, nanobeads dispersed in DIW could have
electrophoresis. Due to the high frequency of 1 MHz, the displace-
ment caused by electrophoresis will be negligible [20]. By further
increasing the driving frequency (limit of our function generator
was 10 MHz) could possibly change the direction of DEP force; i.e.
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Fig. 9. Experimental characterization of LBM-4 with different parameters at room temperature with 0.25 Vrms of applied voltage at 1 MHz. Rectification is to the right. � and
� stand for the mean and the standard deviation of the distribution, respectively. All curves are fitting. (a) Influence of electrode spacing. Decreasing spacing from 4 (LBM-4)
to 2 �m (LBM-2) increases the average of the net-displacements of transports 154%. (b) Influence of viscosity of the medium. Increasing viscosity 2.2 times of that of DIW at
room temperature by mixing triton-X-100 decreases the average of the net-displacements of transports 35%. (c) Influence of ON time. Keeping OFF time at 4 s, and decreasing
ON time from 4 to 1 s, decreases the average of the net-displacements of transports 96%. (d) Influence of OFF time. As OFF time increases, the distribution spreads more and
d simu
d time
s s, res

n
t
p
a

f
a

eviations become larger. (e) Influences of ON and OFF time and comparisons of both
ecreases with increasing OFF time. Peaks are comparable to the expected diffusion
peed is around 60 nm/s and attained when ON time and OFF time is set to 16 and 0

egative DEP. In our previous experiments [17], we had observed
hat 1 MHz was sufficient to eliminate AC electro-osmosis and the

articles were attracted to the electrodes on which voltage was
pplied.

We have experimentally investigated performance of the LBM as
unction of different parameters: electrode spacing, viscosity, tON,
nd tOFF, when 0.25 Vrms was applied (Fig. 9a–d). The device with
lations and experiments. Both peak at similar regions, and then speed performance
of nanobeads between electrodes (i.e. 8 s). (f) Optimal region in LBM-4. The optimal
pectively. Simulations and experiments are in good agreement.

4 �m spacing between the electrodes was the reference device and
named LBM-4. We have worked with a large number of particles

(around 100) to investigate their net-displacements (Table 1). Dis-
placement videos were divided into 5 full-cycles for distribution
analysis only (e.g. 5 × 3 × (tON + tOFF)). Except otherwise stated, tON
and tOFF were set to 4 s. The distance from the initial to the final posi-
tion of the nanobeads (net-displacement) was determined in the
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electrode region only (i.e. the region between the 1st and the 33rd
electrode). The displacement was measured in Adobe Premiere
with the help of an electronic ruler (Monosashisya) and rounded
to the nearest multiples of 4. During the observation, nanobeads
escaping from the electrode region or stopping in the channels were
not included in the measurements result. Before the experiments,
a test was performed to determine a possible bias on the motion of
the nanobeads. We believe that this biased motion could be induced
by the inlet and the mechanical pressure caused by the grounding
probe placed on the PDMS sheet. Experimental values were com-
pensated accordingly and average value and standard deviation
were calculated for each distribution (Table 1). When calculating
the distribution of the average speed, we assumed that the bias
measured before the experiments did not change in the course of
experiments. Furthermore, when the net displacement with voltage
application was smaller than the net displacement without voltage
application, data were discarded.

4.1. Influence of electrode spacing on distribution

We have designed two types of device whose electrode spac-
ings were 2 and 4 �m [28], respectively (Fig. 9a). For both devices,
distributions of the nanobeads were shifted to the rectification
direction, i.e. to the right. In LBM-2, 59% of the nanobeads were
transported in positive direction (28% in negative, 13% no net-
displacement) whereas it was 51% in LBM-4 (38% in negative,
11% no net-displacement). These results revealed that these were
not random motions, but rather slightly rectified motions. The
distribution was shifted more in LBM-2. As the spacing of elec-
trode in LBM-2 was the half of that in LBM-4, we increased the
electric force 8 times at a constant voltage and decreased the dif-
fusion length of the particles. In this way, transports in LBM-2
were partially achieved by electrical attractions. These modifica-
tions increased net displacements of the nanobeads and caused
a larger average displacement in LBM-2 (5.62 �m) compared to
LBM-4 (2.21 �m) such that average of the distribution increased
154%.

4.2. Influence of viscosity on distribution

The next parameter that we investigated was the viscosity of
the fluid (Fig. 9b). We mixed triton-X-100 with DIW (10% vs. 90% in
weight) to reach a viscosity of 2 × 10−3 Pa s at room temperature.
The viscosity of the solution was almost 2.2 times of DIW at room
temperature. Although the same driving voltage of 0.25 Vrms was
applied in both experiments, mixing DIW with triton-X-100 could
change the permittivity and Clausius–Mossotti factor of the solu-
tion, resulting in a different effective force. The displacement results
revealed that in more viscous medium than DIW water, the aver-
age of the displacements was decreased 35% (1.44 �m vs. 2.21 �m).
Furthermore, 84% of the net-displacements were between −8 and
8 �m. In conclusion, higher viscosity caused Brownian activity to
decrease and led to smaller average speed (Table 1).

4.3. Influence of ON time on distribution

Using the LBM-4 device, we have investigated the influence of
the ON time, the time during which the driving voltage was applied
on a certain phase, on the motor performance (Fig. 1b). In these
experiments the ON time was varied while the OFF time was fixed
to 4 s. As shown in Fig. 9c, the variations in the ON time have

strongly affected the displacement of the nanobeads. By decreasing
the ON time from 4 to 1 s, the average of the distribution decreased
96% (0.09 �m vs. 2.21 �m). During the experiments, long displace-
ments of the nanobeads did not occur, corresponding to the 89%
of the net-displacements which were between −8 and 8 �m. Actu-
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lly, this was an expected result that with longer ON times it was
ore probable to capture and to rectify the nanobeads by active

lectrodes.

.4. Influence of OFF time on distribution

Another parameter was the OFF time (Fig. 9d), the time during
hich no electrode was activated (Fig. 1b). To investigate the influ-

nce of the OFF time, we fixed ON time to 4 s, and changed the
FF time as 0, 4 and 8 s, respectively. As the OFF time increased,

he ranges of the net-displacements were increased and so was the
verage of the distributions. The increase OFF time provided more
istributed and dispersed nanobeads over electrodes. The increases

n the standard deviations were indicators of widening as well.

.5. Influence of OFF/ON time on speed performance

The important consideration was the characterization of the
peed performance of the system in terms of OFF and ON time
Fig. 9e). The speed performance was strongly dependent on both
FF time and ON time. By comparing ON time at 4 and 2 s in
ig. 9e, it is clear that the performance increased with ON time.
n a fixed ON time, the speed performance peaks around 5.5 ± 1 s of
FF time comparable to the expected diffusion time (6.2 s) of parti-
les between electrodes [28], and then decreases if we continue to
ncrease OFF time. This shows that even though we can get larger
ransports of nanobeads over electrodes, the overall average speed
f the distribution will decrease, because diffusion length is pro-
ortional to the squared root of time. Experiments and simulations
ade peaks at similar points and then decreased, showing a good

greement.

.6. Experiments vs. simulations and optimal speed performance

The next investigation was related to the optimal speed perfor-
ance of the fabricated device. In the simulations the maximum

peed at 0.25 Vrms was observed when the OFF time was zero and
he ON time was 16 s (Fig. 4b). In the experiments, we set the OFF
ime to zero, and investigated the speed performance of the system
y changing the ON time from 1 to 24 s (Fig. 9f). We have confirmed
ood agreements between the simulations and the experiments
rom 4 to 20 s. In both cases, the speed peaks around 16 s and
hen decreases, where (experimental) optimal average speed is
9 nm/s. The two curves do not fit very well at low (<4 s) and
igh (>20 s) ON time durations (Fig. 9f). This could be associated
ith the assumptions and estimations performed in the numeri-

al analysis and force calculations. For example, we assumed two
ominant phenomena in our system, which were DEP and Brow-
ian motion. In the reality, there could be other phenomena that
ay have some influence on the speed performance of the system.

n addition, another assumption was the semi-circular electric field
ine between coplanar electrodes, which does not match with a real-
stic distribution of electric field lines in reality. Those assumptions
nd estimations might create discrepancies at low and high ON
imes between numerical and experimental results. In addition to
peed vs. time characteristic, the distribution in the optimal region
evealed important facts (Fig. 10). We conducted the experiments
ith LBM-4 for 48 s corresponding to 1 full-cycle. (Long experi-
ental times caused the nanobeads to leave the electrode area and
ade the analysis difficult as well.) Even though the experimen-

al time was 48 s, the distribution of the nanobeads with ON and

FF time of 16 and 0 s, respectively, shows bigger positive shift than

hat with ON and OFF time of 4 and 4 s, respectively, when experi-
ental time was 120 s (Fig. 9a, Table 1). In the optimal case, 59% of

he net-displacements were in positive direction (23% in negative,
8% no net-displacement), whereas it was 51% in the non-optimal
Fig. 10. Optimal transportation of LBM-4 in 48 s with ON time and OFF time of 16 and
0 s, respectively, at 0.25 Vrms. 59% of particles were transported in positive direction
(23% in negative).

case shown in Fig. 9a (38% in negative). The ratio of percentage of
positive transports to negative transports was 2.56 and 1.34, respec-
tively. Optimal region improved the performance in terms of speed
(3 times) and the ratio of transports (2 times).

Even tough we achieved biasing of the motion by 3-phase
DEP forces; we observed that nanobeads could still experience
Brownian motion in the close vicinity of active electrodes. These
observations suggested that the force was enough to attract
nanobeads despite Brownian motion in the vicinity of active elec-
trodes and to rectify the random motion, but it was weak to
immobilize the nanobead on the active electrode.

4.7. Energy saving

In our system, because of exploitation of Brownian motion,
energy is saved compared to a purely electrical transport system
of the same geometry, where bigger voltages are necessary to be
applied (Fig. 4a). On the other hand, increasing average speed with
voltage 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 consumes less
energy.

The issue of energy saving, which is out of the scope of this
paper, must be investigated in detail for better understanding
of the system to use Brownian motion at nanoscales effectively
and efficiently. Brownian motor exploiting Brownian motion as a
driving source of actuation might lead to more energy efficient
nanosystems compared to their electrically actuated counter-
parts.

5. Conclusions

We have exploited Brownian motion of nanobeads to achieve a
directed transport of nanobeads in microfluidic channels and char-
acterized the system in terms of several parameters. We used a
micromachined 3-phase dielectrophoretic flashing ratchet to bias
the spacial probability distributions of the nanobeads, rather than
asymmetrical potentials. The simulations and experiments have
shown net-unidirectional transport of nanobeads with good agree-

ments in the speed performances and revealed the reduction of
energy consumption. We believe that this kind of study will help
nano-science and physics to understand ratcheting effects in the
control or manipulation of Brownian motion.
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