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A new micro-valve using the electrokinetic motion of a Janus particle is introduced in this paper. A
Janus particle with a conducting hemisphere and a non-conducting hemisphere is placed in a junction
of several microchannels. Under an applied electric field, the induced-charge electrokinetic flow around
the conducting side of the Janus particle forms vortices. The vortices push the particle moving forwards
to block the entrance of a microchannel. By switching the direction of the applied electric field, the
motion of the Janus particle can be changed to block different microchannels. This paper develops
a theoretical model and conducts numerical simulations of the three-dimensional transient motion of
the Janus particle. The results show that this Janus particle-based micro-valve is feasible for switching
and controlling the flow rate in a microfluidic chip. This method is simple in comparison with other
types of micro-valve methods. It is easy for fabrication, for operation control, and has a fast response
time. To better understand the micro-valve functions, comparisons with a non-conducting particle and
a fully conducting particle were made. Results proved that only a Janus particle can fulfill the
requirements of such a micro-valve.

1. Introduction
The key microfluidic components are the micro-valves or microflow switches. They are used in order to develop fully integrated
microfluidic chip devices, which can perform sequential loading
and washing processes. While there is extensive research on micropumps and micro-mixers,1–4 fewer advances were made in microflow valves.5–9 Generally, micro-valves are categorized into two
groups: (i) active and (ii) passive. In 1979, Terry et al.10 introduced
the first micro-valve. It was the first active magnetic micromachined valve. After that, many others tried to make this type of
micro-valve in different ways.11–18 Among these magnetic microvalves, pinch-type micro-valves became favourable because of
their ability to provide zero leakage flow. Additionally, short
response time, easy replacement of tubing, zero dead volume, and
high flow range are the other advantages of these types of microvalves. However, fabricating such micro-valves is difficult. Zdeblick and Angell introduced the first thermal micro-valve in 1987.19
The function of these micro-valves is achieved by volumetric
thermal expansion coupled with membrane deflection. Later, they
used an actuator with a movable diaphragm in a sealed chamber,
where the liquid or gas (or liquid–gas in two phases) was heated by
the resistor built-in within the chamber.20 This is the basis of most
thermally actuated micro-valves. By using this actuated microvalve technique, many others derived different types of thermal
valves, such as: (i) thermo-pneumatic,21–27 (ii) bimetallic,28–33 and
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(iii) shape memory alloy.34–36 The most important issues of the
thermal micro-valves are the turn-on time (depending on the heat
mass and the power of the heater) and the relaxation time (determined by the heat transfer to the external environment). As
a result, the thermal micro-valve may have problems of operation
control. Electrostatic micro-valves with flexible membranes have
first been reported in 1994 by Sato and Shikida.37,38 A few years
later, another type of electrostatic valve was introduced which
contained rigid silicon membranes.39–45 High voltage is involved to
operate this type of micro-valve. Since aqueous solutions electrolyse at high voltages, this type of micro-valve is suitable for a gas
flow regulator, rather than liquid flow control. The development of
new generations of micro-valves started around the year 2000 to
overcome the drawbacks of the various MEMS-based microvalves. Non-traditional micro-valves were invented such as phase
change,46–51 external pneumatic52–56 or passive capillary microvalves.57–59
Generally, there are many shortcomings and challenges associated with the existing micro-valves, which include: (i) complex
fabrication and installation, (ii) moving parts, (iii) response time,
(iv) resistible pressure, (v) leakage, (vi) dead volume, (vii) bulky
external actuation means, (viii) bio-compatibility, and (ix)
stability. In most cases, some form of external pump is required
to drive the fluid. This means additional control issues and
difficulties for miniaturization and integration. Improving any of
these shortcomings will be a great step towards developing
integrated microfluidic chips.
In this study, we introduce a novel micro-valve method which
is based on controlling the induced-charge electrokinetic motion
of a Janus particle. The proposed micro-valve is very simple. One
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Janus particle immersed in a micro-chamber, connecting several
microchannels, will move by an externally applied electric field
that controls the flow rate and flow direction. Three-dimensional
numerical simulations were conducted to study the transient,
induced-charge, electrokinetic motion of a Janus particle to see if
this method would perform the function of the micro-valve. We
also compared the effects of using a non-conducting particle and
a fully conducting particle in the system. The results show that
using these particles will cause leakage problems and instability.
The range of the externally applied electric field for different flow
rates in this micro-valve was also investigated.

2. Induced-charge electrokinetics (ICEK)
Once an external electric field Ee is applied, a fully conducting
particle immersed in an aqueous solution will be induced to have
surface charge.60–64 Consequently, the counter-ions in the liquid
are attracted by the induced surface charges. An induced dipolar
electric double layer is thus formed (see Fig. 1).
Knowing the distribution of the z-potential of the induced
electric double layer is necessary to calculate the velocity of the
induced-charge electro-osmotic fluid flow around the conducting
particle and electrophoretic motion of the particle. A numerical
technique capable of calculating the induced z-potential was
proposed by Wu and Li.60–63 This method is summarized as
follows.
At steady state, the strength of the local induced charge field Ei
of the conducting surface is the same as the externally applied
electrical field Ee but in the opposite direction,
|Ei| ¼ |Ee| or Ei ¼ Ee

(1)

.

Since E ¼ Vfe , the above equation can be written in the
following form
Vzi ¼ Vfe

(2)

If a fully conducting particle is initially electrically neutral, the
integration of the induced charge and hence the induced
z-potential over the conducting surface should be zero, that is

# z ds ¼ 0
i

(3)

S

Fig. 1 Steady-state electric field and the induced dipolar electric double
layer around a fully conducting object in an aqueous solution.
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where S is the conducting surface under the applied electric field.
If there is initial electrostatic charge on the surface, superposition
of the initial z-potential z0 ¼ z(t ¼ 0) and the induced z-potential
zi will give the total z-potential distribution.
From eqn (2), the following equation can be used to determine
the distribution of the induced z-potential on the conducting
surfaces
zi ¼ fe + fc

(4)

where fc is a constant. By inserting eqn (4) into eqn (3), fc can be
calculated by:
ð
fe dA
fc ¼

S

A

(5)

where A is the area of the entire surface of the conducting object.
Employing the above equations allows a simple numerical
method to calculate the final steady state induced z-potential
distribution on the conducting surfaces of arbitrary geometries.
The ‘‘Janus Particle’’ here means one type of heterogeneous
particle, half of it is electrically conducting and the other half is
electrically non-conducting. In this study, we consider a spherical
Janus particle, a half of it is metal (the conducting half) and
another half is polymer (the non-conducting half), as illustrated
in Fig. 2. For such a Janus particle, the electro-osmotic slip
velocity on the non-conducting hemisphere is given by the
Holmholtz–Smoluchowski equation65
~
u¼

3w z ~
Ee
m

(6a)

where z, 3w and m are the constant z-potential at the non-conducting surface, the dielectric constant and the viscosity of the
liquid, respectively. The Holmholtz–Smoluchowski equation65
can be used for calculating the slip velocity on the conducting
surface of the Janus particle similarly. However, on the conducting part, the z-potential is the induced z-potential, zi,
~
ui ¼ 

3w zi ~
Ee
m

(6b)

The strategy of Wu and Li60 is employed to calculate the inducedcharge z-potential on the polarisable portion of the Janus
particle. The induced z-potential is a function of the local applied
~e). The induced-z-potential varies in
electric field, zi ¼ f(E
different positions on the conducting surface. Consequently, the

Fig. 2 The electro-osmotic flow around a Janus particle in a straight
microchannel. The arrows represent the direction of electro-osmotic
velocity of the flow on different sections of the particle surface.
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velocity of the electro-osmotic flow changes over the polarisable
part of the particle. On the other hand, the slip velocity on the
non-conducting part of the Janus particle may be in a different
direction from that of the conducting part. As a result of these
variations, different vortices in opposite directions will be
generated near the solid–liquid interface of the Janus particle (see
Fig. 2). More detailed discussions about vortex formation
around the Janus particle can be found elsewhere.64

Flow field

The liquid in the microchannel is considered as a Newtonian
incompressible flow. The continuity equation
.

V u ¼0

(8)

and the Navier–Stokes equation
 .

vu
.
.
.
þ u V u ¼ Vp þ mV2 u
r
vt

(9)

are the governing equations with the boundary conditions of66–68

3. Three dimensional governing equations
The interactions of the applied electric field with the induced
surface charge on the conducting part of the particle and with the
electrostatic charge on the non-conducting part of the particle
will create the electrophoretic motion of the particle. The interaction of the applied electric field with the electrostatic charges
on the non-conducting microchannel also causes electro-osmotic
flow (EOF) in the channel. The net velocity of the particle will be
determined by the electrophoretic motion of the particle, the bulk
liquid EOF and the complex flow field (vortices) around the
particle. The list of assumptions inherent in the system of
equations is provided in Table 1. A complete 3-D transient
mathematical model is set up to simulate the electric field, the
flow field and the particle motion in a microchannel, as described
in the following sections.

3.1.

3.2.

Electric field

In order to solve the Laplace’s equation (V2fe ¼ 0) and find out
the applied electrical potential fe in the liquid, we assumed: (i)
the conducting part of the Janus particle is completely polarized
and (ii) a steady state induced dipolar electric double layer is set
up on the conducting surface. The corresponding boundary
conditions in this case are

.

u ¼

30 3zw .
.
E and n Vp ¼ 0
m

at the channel wall

(10a)

.
.
. 
30 3zp .
.
.
E and n :Vp
u ¼ Vp þ up  x p  Xp 
m

.

¼ 0 at the particle surface
.

.

n $V u ¼ 0 and p ¼ Pa

(10b)

at the inlet and outlet

(10c)

.

E ¼ Vfe is the local applied electric field. zw is the z-potential
on the channel wall, while zp is the z-potential on the particle
surface (i.e., it is the induced z-potential on the conducting part,
and the electrostatic
charge caused z-potential on the non-con.
.
ducting part). V p and u p are the translational and the rotational
velocity of the particle respectively. The position vector of the
particle surface and the position vector of.the particle center are
.
correspondingly represented by x p and X p . Since the system is
.
physically time-dependent the transient term in eqn (9), v u =vt,
cannot be dropped off.
The bulk liquid flow influences the particle’s motion and the
particle’s motion will also affect the flow field. Thus, a fully
coupled transient particle–fluid interaction strategy is required to
solve such a problem which is the current method.

~
n$Vf ¼ 0 at channel wall and particle surface

(7a)

3.3.

f ¼ f0 at channel inlet

(7b)

f ¼ 0 at channel outlet

(7c)

Electrostatic force is exerted on the particle. This force is applied
by the external electric field. On the other hand, the flow field
applies a hydrodynamic force on the particle. The net force
acting on the particle is given by66–68

Particle motion

.

.

.

F net ¼ F h þ F E
Table 1 The list of assumption used in the modeling and simulation

where Fh is the total hydrodynamic force and FE is the electrostatic force. The hydrodynamic force includes two components:
.
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.

Fh ¼ Fh

Assumptions
The initial polarization process is fast enough to be neglected.
The steady state condition is valid for induced charge polarisable particle.
The externally applied electric field is DC and constant.
The fully conducting part of the particle is initially electrically neutral.
The Debye length is negligible (in comparison with the size of the particle
and the size of the channel).
Slipping flow boundary condition is valid based on thin EDL.
The Holmholtz–Smoluchowski equation can be used for calculating the
slip velocity.
The non-conducting part of the particle is electrostatically charged.
Laplace’s equation (V2fe ¼ 0) is valid in this study.
The liquid in the microchannel is considered as a Newtonian
incompressible liquid.

(11)

.

.
out þ F h in

(12)

.

where F h out and F h in represent the hydrodynamic force acting
on the particle by the liquid flow in the region outside and inside
the EDL (electric double layer). In the current study the Debye
length is assumed negligible (in comparison with the size of the
particle and the size of the channel) since we assumed that the
electrical double layers are so thin. In this way the flow field
around the particles is the flow field originated outside the EDL
and subject to the slipping flow boundary condition at the
particle surface. Under
this assumption, it can be shown that the
.
FE is balanced by F h out , and the net force on the particle is thus
given by66–68
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.

.

.

F net ¼ F h

out

¼ G  #G sP : n dS ¼ ðr  rP ÞgcP  #G sP : n dS (13)
.

.

.
where G is the total body force, cP is the volume of the particle,
rp is the density of the particle, g is the acceleration due to
gravity. The total torque acting on the particle is given by
.
. 
.
(14)
Tnet ¼  # x p  X p  ðsP $ n ÞdS
G

sp is the stress tensor given by
i
h
.
.
sp ¼ pI þ m ðV u Þ þ ðV u ÞT

.

.
dV p
¼ F net
dt

Jp

.
d up
¼ T net
dt

(16)

.

(17)

where mp and Jp are the mass and the moment of inertia of the
particle, respectively. The displacement of the particle center is
governed by
.

.
dX p
¼ Vp
dt

(18)

The initial conditions of the particle motion and the flow velocity
are set as zero, that is
.

.

.

V p jt¼0 ¼ 0; u p jt¼0 ¼ 0 and u jt¼0 ¼ 0

.

fe .
u .
x
t
; u ¼
; x ¼ ; t¼
;
zw
Uref
d
d=Uref
.

P¼
where Uref ¼

p  Pa .
E
; E ¼
rUref2
zw =d

330 zw
is the reference velocity.
m d

4. Geometry and computational domain
(15)

where I is the identity tensor.
The equations governing the particle motion are based on the
Newton’s second law:
mp

.

fe ¼

(19)

In the development of the numerical simulation, the following
non-dimensionalized parameters were used:

In this study, the micro-valve includes (i) one cylindrical microchamber connecting to (ii) three microchannels of a circular crosssection, (iii) one spherical Janus particle, and (iv) four electrodes,
as illustrated in Fig. 3a. The microchannels are named as A to C
for more convenience when they are referred in the following
sections of this paper. The basic function of the valve is to block
one of the two outlets at a given time, while letting the liquid flow
through the other outlet. This function is then achieved by moving
the Janus particle to block the desired outlet. The motion of
a spherical Janus particle initially placed at the center of the microvalve is studied by a three dimensional numerical simulation. This
3D numerical simulation is based on the mathematical model
described above. The diameter of the Janus particle is considered
as Dp. To achieve the full blockage, the diameter of all microchannels is chosen to be smaller than the diameter of the Janus
particle. The diameter of microchannel A is 75% of Dp. The
diameter of the other two microchannels is chosen to be half of Dp.
In the computation domain (Fig. 3), all the microchannels’ lengths
are equal to Dp. The diameter and height of the microchamber are
chosen to be two times bigger than the Janus particle diameter to
let the Janus particle move freely in the microchamber.
The channel walls as well as the non-conducting surface of the
Janus particle carry uniform negative electric charges that are

Fig. 3 Schematic diagram of the micro-valve with three microchannels and one suspended Janus particle in it. (a) Computational domain. E1 and E2
represent the external electric field directions. (b) Geometry and dimensions in non-dimensional format. (c) The location of electrodes.
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characterized by the z-potentials. The z-potentials on the non-conducting surface of the particle is 50 mV; and 15 mV on the channel
walls. The density of the particle is assumed to be the same as the
liquid in order to avoid the gravity effect. Four electrodes are placed
to provide the driving forces in the system, as shown in Fig. 3c.
Applying voltage between electrodes 1 and 2 produces a potential
difference and generates an electric field which is called E1 in this
study. Electrodes 3 and 4 can be used to produce an electric field,
named E2. The applied electric fields can be set as any desired values.
The liquid flow in this system is entirely driven by electro-osmosis.
The ends of the microchannels are connected to open reservoirs, so
that no overall pressure gradient is present in the system.
With respect to the fabrication, the proposed valve can be made
by the alignment methods and the methods which are used to
develop microchannels with a circular cross-section. There are
different applicable methods to produce various shapes for
microchannel cross-sections. Fabrication of a microchannel with
star grooves, rhombus grooves,69 and with cylindrical shape70–72 is
already reported. Thus, a cylindrical cross-section for the microvalve chamber and the microchannels is a realistic design. To make
a microfluidic chip which includes different sections, where some of
them are not at the same level as the others, the alignment method
plays a significant role. Over the years, great effort has been made to
improve the alignment efficiency.73–75 Hence, the proposed microchannel structure can be made by existing fabrication methods.
The computational domain is fully covered by 3D meshes. In
order to display the system clearly, the number of meshes are
reduced in Fig. 3. Using the coarse meshes in Fig. 3a facilitates
visualization of the particle (suspended inside of the microchamber) and microchannels. It should be noted that the presented results in this paper are based on the mesh independent
study. The mathematical models in the computation domain
were solved by commercial software FLUENT 12 which, in
correlation with visual C, runs a UDF file that was written for
solving the moving mesh and particle motion in 3D. The physical
properties for the fluid and the specifications for the microchannel used in the simulations are shown in Table 2.

will interact with the applied electric field. A Janus particle is
unaligned when the normal vector at the interface of its two
hemispheres has an angle with the applied electric field. An
unaligned Janus particle under the applied electric field will
rotate to line up itself with the applied electric field due to the
electric field force. During alignment, the induced charge will
change while the orientation of the particle changes. Consequently the induced-charge electrokinetic flow field around the
Janus particle also changes. To understand this process better,

5. Results and discussion
5.1.

Alignment of a Janus particle with the applied electric field

Under the applied electric field, the conducting part of the Janus
particle is induced to have an electric charge. The induced charge
Table 2 Constants used in the numerical simulations
Parameters

Values

Dielectric constant, 3
Permittivity of vacuum, 30 (C V1 m1)
Viscosity, m (kg m1 s1)
Density, r (kg m3)
z-Potential on channel walls (mV)
z-Potential on non-conducting hemisphere
of Janus particle (mV)
Particle diameter, D
Diameter of microchannel A, DA
Diameter of microchannel B and C, DB, DC
Length of microchannels, LA, LB, LC
Diameter of microchamber, Dch
Height of microchamber, Hch

80
8.854  1012
0.9  103
998
50
15
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D1
0.75  Dp
0.5  Dp
Dp
2  Dp
2  Dp

Fig. 4 An example of the transient rotational and translational motion
of a Janus particle in a straight microchannel. (a) The results are represented in the x–y plane crossing the 3D straight microchannel (b) The
translational and rotational motion of the Janus particle under applied
external electric field in different time steps. The streamlines are plotted to
show the flow field in the microchannel around the Janus particle. The
arrows indicate the flow direction. The length of microchannel is
L ¼ 10Dp and the size of the channel cross-section is W ¼ H ¼ 2Dp. Nondimensionalized external applied electric field is 20 when the zeta
potential on the non-conductive surface of Janus particle and also the
channel wall is 50 mV. The Janus particle diameter is considered as Dp.
‘‘C’’ represents the conducting material, while the non-conducting
material is represented by ‘‘N/C’’ in this figure.
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consider a Janus particle immersed in an aqueous solution, in
a straight microchannel. The normal vector of the Janus particle
at the interface of its two hemispheres has a 90 angle with the
applied electric field. The conducting half faces the top wall of the
microchannel, as shown in Fig. 4b. Once the electric field is
applied, the electro-osmotic flow passes the non-conducting
section of the Janus particle smoothly, while two vortices are
formed around the conducting section. For such a Janus particle,
the conducting section has an induced dipolar EDL, a portion
with positive charge and a portion with negative charge in the
induced EDL, as illustrated in Fig. 2. This dipolar EDL is
responsible for the two vortices on the conducting side. The
externally applied field exerts a body force on the excess counterions in the EDL region of the liquid. This force moves the liquid,
but because the sign of the surface charge (hence the excess
counter ions in the induced EDL) changes from one part to
another part of the conducting section, the direction of liquid
flow varies and becomes opposite to each other. Consequently
two vortices around the conducting section are generated. As

seen from Fig. 4, the size and the position of the vortices change
as the particle rotates. The creation of the vortices is because the
local electric field on the conducting surface changes. Consequently, the induced dipolar EDL also changes. Eventually, the
Janus particle reaches its stable position (does not rotate any
longer) when the conducting hemisphere faces the applied electric field.
5.2.

Micro-valve using the Janus particle

The basic function of the valve is to block one of the two outlets
at a given time, while letting the liquid flow through the other
outlet. This function is achieved by moving the Janus particle to
block the desired outlet. Fig. 5 shows the numerical simulation of
the valve operation. Here we assume the Janus particle is initially
located in the center of the valve chamber with the conducting
side facing the microchannel A. Once the external electric field,
E1, is applied, the vortices generate on the conducting side of the
Janus particle and push the Janus particle to move towards the

Fig. 5 The switching process of the micro-valve operation controlled by the induced-charge electrokinetic motion of a Janus particle. The streamlines
are plotted to show the flow field in the microchannel around the Janus particle. The arrows indicate the flow direction. The results represent the x–z
plane crossing the middle of the 3D microvalve at different time steps. E1, E*1, E2, E*2 are the non-dimensionalized external applied electric field when the
zeta potential on the channel wall is :50 mV. The Janus particle diameter is considered as Dp. ‘‘C’’ represents the conducting material, while the nonconducting material is represented by ‘‘N/C’’ in this figure.
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microchannel B (see Fig. 5a and b). After approximately
Dt ¼ 11.69 the Janus particle reaches the entrance of the horizontal outlet and blocks it (Fig. 5c). The Janus particle is two
times bigger than the outlet and is capable of blocking the outlet
completely as long as the external electric field is applied. At this
stage, in order to drive liquid flow through the microchannel C,
another external electric field is applied, E2* ¼ 35 V cm1, while
the electric field E1 remains unchanged. E2* is sufficiently weaker
than E1 so that it will not break the blocking of the microchannel
B while generating electro-osmotic flow to the microchannel C
(see Fig. 5d). Because of the two electric fields, the Janus particle
rotates slightly at the same position to align itself with the
resultant electric field. In the next step, we changed the flow
direction by opening the microchannel B and blocking the
microchannel C. To achieve this goal, we turned off the E1
electric field, and increase the E2 electric field to 40. As a result,
the Janus particle rotates to align itself with the new electric field
and moves towards the microchannel C and eventually blocks it
(Fig. 5e–h). Under the specified electric field, this process takes
approximately Dt ¼ 13.11. Consider case A when the diameter of
the microchamber is considered as Dch ¼ 2Dp ¼ 40 mm, and
during the switching process E1 ¼ E2 ¼200 V cm1, E*1 ¼ 50 V
cm1, E*2¼ 35 V cm1. In this case the non-dimensionalized
electric field respectively becomes E1 ¼ 40, E2 ¼ 40, E*1 ¼ 10, E*2 ¼
7. In this case the switching process is the period that particle
moves from the entrance of microchannel B (Fig. 5d) and reaches
the entrance of microchannel C (Fig. 5h). This period for the
presented case A will take Dt ¼ 3.7s which can be written as
Dt ¼ 13.11 in non-dimensional format. At this step, there is no
liquid flow through any of the microchannels. In order to have
liquid flow to the microchannel B, we applied a weaker external
electric field in the desired direction, E*1 ¼ 10. The Janus particle
rotates itself to align with the new resultant electric field while
keeping its blocking position. In this way, the microchannel C is
completely blocked, the liquid flow direction switched to a new
path, from left inlet to the right outlet (see Fig. 5i).
As shown in Fig. 5, by turning on the electric field E1, the
dominant flow direction is from the left (microchannel A) to the
right (microchannel B). As the Janus particle gets close to the
entrance of the microchannel B, the flow rate in the left-to-right
direction decreases. Consequently, less and less liquid will be
drawn into the valve chamber from the microchannel C (Fig. 5b).
Fig. 5c shows that there is no flow in the microchannel B as it is
blocked by the Janus particle, and no flow in the microchannel C
since there is no electro-osmotic force to drive the liquid to that
direction. When an additional electric field, E*2, is turned on,
while the microchannel B is still blocked, the liquid is forced to
flow from the microchannel A to the only open microchannel C.
Blocking one channel and diverting the liquid to another channel
is the main goal of the valve, this function is achieved at this
stage. Next, turning on E2 as the dominant electric field, while E1
is turned off, causes the Janus particle to rotate and to align itself
with the electric field direction (as shown in Fig. 5e–h). When the
Janus particle (under the effect of the new electric field) rotates
and leaves the entrance of the microchannel B, the liquid gets
permission to enter or exit that gate. Since the electric field force
at this moment is in a direction to push the liquid to the microchannel C, the liquid will be drawn from both microchannels A
and B (according to the continuity law) into the chamber, as
This journal is ª The Royal Society of Chemistry 2011

shown in Fig. 5e–g. The suction power is directly related to the
dominant flow rate. As the Janus particle moves towards the
microchannel C and eventually blocks the path, the main flow
rate reduces. As a result, the flow from the microchannels A and
B also becomes smaller. When the Janus particle completely
blocks the microchannel C, and the only applied electric field is
E2, there is no electro-osmotic flow into or out of the two open
microchannels. However the existing electric field induces the
electric charge on the conducting section of the particle, and the
induced charge produces vortices in the remaining liquid in the
microchamber (Fig. 5h). Finally, turning on the electric field, E*1
(to a value sufficiently smaller than E2), will produce an electroosmotic flow from channel A to channel B, while keeping the
microchannel C in a completely blocked state (Fig. 5i). In Fig. 5
the velocity vector arrows’ size is normalized to visualize the flow
direction better. However, the size of the arrows does not
represent the strength of velocity vectors.
Totally, switching the flow outlet takes approximately
Dt ¼ 13.11, under a maximum electric field of E*2 ¼ 40. When
a more powerful electric field is applied, the valve’s switching can
be shorter. For example, the time required for the switching is
Dt ¼ 8.14 when E*2 ¼ 80 is applied. Considering case A, we can
say that the switching process takes approximately Dt ¼ 3.7 s,
under a maximum electric field of E*2 ¼ 200 V cm1. This
switching value will be shorter (Dt ¼ 2.3 s) when the applied
electric field is E*2 ¼ 400 V cm1. Fig. 6 shows the dependence of
the valve switching time on the external electric field strength.
Clearly, increasing the electric field decreases the required
switching time.
As discussed above, when an outlet is blocked, an additional
weaker electric field is used to pump the liquid out of the opening
outlet. This pumping electric field can be changed within a range
so that it can adjust the flow rate of the liquid pumped out of the
valve, without affecting the blocking position of the Janus
particle. In the case of Fig. 5d, the dominant electric field is
E1 ¼ 40 and the pumping electric field, can vary from
E*2 ¼ 5.8 V cm1 to 9.2 V cm1. In the case of Fig. 5i, the
dominant electric field is E2 ¼ 40 V cm1 and the pumping
electric field can vary from E*1 ¼ 9.8 to 14.6.
When the particle moves close to the microchamber wall, the
non-uniformity of the electric field in the gap between the nonconducting part of the particle and the microchamber wall
produces dielectrophoresis (DEP) force on the particle and
affects the particle motion. According to the theory of

Fig. 6 The relation of the valve switching time to the external applied
electric field in the normal dimensionalized format.
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Fig. 7 The electric field distribution in the microchamber when the particle is very close to the microchannel B. The electric field contours and the
electric field distribution near to the particle (zoom in). E1, E2 are the non-dimensionalized external applied electric field when the zeta potential on the
channel wall is 50 mV. The Janus particle diameter is considered as Dp. ‘‘C’’ represents the conducting material, while the non-conducting material is
represented by ‘‘N/C’’ in this figure.

dielectrophoresis (DEP), under a DC field, the DEP force is
a negative force that will push the particle towards the lower
electric field.
For a spherical particle with a diameter of DP under a DC
electric filed, the DEP force exerting on this particle is given by:
 3
Dp
~2
FDEP ¼ p3
VjEj
(20)
2
The non-uniform electric field in the gap region can be calculated
numerically. For a spherical non-conducting particle with

a diameter of Dp ¼ 20 mm at the position as shown in Fig. 7, the
DEP force is equal to 50.2  1023 N. Its direction is from right to
left.
When the Janus particle is in the position as shown in Fig. 7,
the other forces acting on the particle (except DEP force) can be
calculated numerically as well. These forces are generated by
electroosmosis, electrophoresis and the vortices around the
particle. If we call the summation of these forces as the applied
force, Fapplied, and calculate it numerically, the result is Fapplied ¼
39.8  1019 N. Its direction is from left to right. Among these

Fig. 8 The switching process of the micro-valve using a non-conducting particle. The streamlines are plotted to show the flow field in the microchannel
around the Janus particle. The arrows indicate the flow direction. The results represent the x–z plane crossing the middle of the 3D micro-valve at
different time steps. E*1, E2 are the non-dimensionalized external applied electric field when the zeta potential on the channel wall is 50 mV. The nonconducting material is represented by ‘‘N/C’’ in this figure.
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Fig. 9 The switching process of the micro-valve using a fully conducting particle The streamlines are plotted to show the flow field in the microchannel
around the Janus particle. The arrows indicate the flow direction. The results represent the x–z plane crossing the middle of the 3D micro-valve at
different time steps. E1, E2 are the non-dimensionalized external applied field when the zeta potential on the channel wall is 50 mV. The Janus particle
diameter is considered as Dp. ‘‘C’’ represents the conducting material.

force components, the vortices around the conducting section of
the Janus particle produce a strong force on the particle.
Comparing Fapplied of the Janus particle and FDEP of a sphere
non-conducting particle demonstrates that the Fapplied by far is
the dominant force. The applied force is much (four order of
magnitude) bigger than the DEP force. Thus, the dielectrophoresis (DEP) force is not considered in the simulation of the Janus
particle in this study.

Considering the DEP force in the case of the non-conducting
particle leads to an increase in the switch time. Since there are no
vortices acting on the particle, calculations can show that the
DEP force will be comparable with the net force arising from
electro-osmotic and electrophoretic effects. Therefore, the DEP
force will prevent the non-conducting particle from getting very
close to the entrance of microchannel C.
5.4.

5.3.

Micro-valve using a non-conducting particle

The possibilities of using a non-conducting particle or a fully
conducting particle to realize the function of such a micro-valve
were also investigated. Fig. 8 shows a micro-valve with a nonconducting particle. Consider the switching process from
blocking the horizontal outlet to blocking the vertical outlet.
Once we set E1 ¼ 0 and E2 ¼ 40, the non-conducting particle
moves with the streamlines and follows the micro-chamber wall
to reach the microchannel C. This switching process takes about
3.5 s which is shorter than the micro-valve with the Janus
particle. However, a problem occurred when we turned on the
weaker pumping electric field, E*1 ¼ 10, to generate flow to the
microchannel B. Once E1* is applied, the non-conducting
particle starts to leave its blocking position as shown in Fig. 8d.
As long as the pumping electric field E1 exists, the non-conducting particle will keep moving toward the right side as time
passes. This results in leakage from the vertical outlet. Therefore,
using a non-conducting particle in the present micro-valve design
does not satisfy the requirements.
Comparing the stage as shown in Fig. 8d with the equivalent
stage of the Janus particle (Fig. 5i), one can see that in Fig. 5i, the
charges generate two vortices in the liquid in the microchamber,
and the vortices keep the particle in the blocking position while
the electroosmotic pumping from A to B is in operation.
However, in the case of a non-conducting particle, as shown in
Fig. 8d, there are no vortices to hold the particle to block the
channel C. When the additional electric field, E*1, is turned on to
drive the liquid to flow from channel A to channel B, the force
resulted from the combined electric field, both E1 and E2, will
push the non-conducting particle to leave the entrance of the
microchannel C.
This journal is ª The Royal Society of Chemistry 2011

Micro-valve using a fully conducting particle

Fig. 9 shows what happens when a fully conducting particle is
placed in the micro-valve. Four vortices generate around the
conducting particle when the external electric field is applied. The
fully conducting particle initially moves from the center of the
chamber to the downstream of the flow but eventually stops, and
cannot reach the horizontal outlet. As the particle gets closer to
the right side wall, the two vortices in the downstream of the
particle (on the right hand side of the particle) interact with the
wall. When the motion of the rotating liquid is restricted by the
solid wall, the momentum of the liquid motion converts to
pressure, which results in a repellent force between the wall and
the particle and pushes the fully conducting particle away from
the wall, and hence prevents the particle from blocking the
entrance of the microchannel B. Therefore, using a fully conducting particle cannot achieve the valve’s function.

6. Concluding remarks
A novel micro-valve is introduced in this paper. This micro-valve
is very simple and operates by controlling the induced-charge
electrokinetic motion of a Janus particle inside a micro-chamber
by applied electric field. It is shown that the orientation of the
Janus particle is sensitive to the direction of the applied electric
field. By switching the direction of a main electric field, the Janus
particle can quickly block or open the outlet of the micro-valve.
The flow rate through the micro-valve can be controlled by
applying another electric field for pumping. Increasing the main
electric field can decrease the switching time of the valve. It is
demonstrated that both non-conducting and fully conducting
particles cannot be used to achieve the valve function, because
the non-conducting particle has the leakage problem and the
fully conducting particle cannot block the outlet. The proposed
Lab Chip, 2011, 11, 2929–2940 | 2937

micro-valve using a Janus particle has great potential for developing integrated microfluidic lab-on-a-chip devices.

Nomenclatures
Ee
Ei

G
m
r
rp

an external electric field
local induced charge field of the conducting
surface
applied electrical potential
constant electrical potential
electro-osmotic slip velocity on the nonconducting surface
electro-osmotic slip velocity on the conducting
surface
translational velocity of the particle
rotational velocity of the particle
volume of the particle
conducting surface
area of the entire surface of the conducting
object
total body force
viscosity of the liquid
liquid density
density of the particle

F net

the net force acting on the particle

Fh

total hydrodynamic force

FE

electrostatic force

fe
fc
~
u
~
ui
.

Vp
.
up
cP
S
A
.

.
.
.
.

Fh

hydrodynamic force acting on the particle by
the liquid flow in the region outside the EDL
hydrodynamic force acting on the particle by
the liquid flow in the region inside the EDL
total torque acting on the particle
electric double layer
Maxwell stress tensor
z-potential
induced z-potential
initial z-potential
z-potential on the channel wall
z-potential on the particle surface
dielectric constant

out

.

Fh

in

Tnet
EDL
Te
z
zi
z0
zw
zp
3w
.

xp

position vector on the particle surface

Xp
g

position vector of the particle center
acceleration due to gravity.

I
sp
mp
Jp
Uref
P

identity tensor
stress tensor
mass of inertia of the particle
moment of inertia of the particle
reference velocity
pressure

.

.

E
E ¼
zw =d
f
fe ¼ e
zw
.

.

x ¼

non-dimensionalized external electric field
non-dimensionalized electric potential

.

x
d

non-dimensionalized position
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t¼

t
d=Uref

non-dimensionalized time

P¼

p  Pa
2
rUref

non-dimensionalized pressure

.

u ¼

.

u
Uref

non-dimensionalized velocity

DEP

dielectrophoresis
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