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Abstract 

An ac electric field is applied to induce particle and fluid motion in a wedge-
shaped microchannel. Micron-Resolution Particle Image Velocimetry (µ-PIV) is 
used to determine spatially resolved particle velocity and fluid velocity fields. Un-
der steady state conditions, the particles experience a balance between dielectro-
phoretic forces induced by the non-uniform electric field and Stokes’ drag forces 
due to viscous interactions with the fluid. The particle velocity is therefore differ-
ent from the fluid velocity because of dielectrophoresis. A technique is developed, 
Two-Color µ-PIV, to determine uniquely the fluid velocity from observation of 
particles without a priori knowledge of the electrical properties. 

This technique is used to explore ac electrokinetically-generated fluid motion. 
A series of voltage levels at fixed frequency are applied to the wedge-shaped elec-
trodes. The dependency of fluid velocity on applied voltage at different regions in 
the flow is obtained by fitting power-law curves. This is used to determine the un-
derlying physical phenomena associated with ac electrokinetics. We found that 
both electrothermal effects and ac electroosmosis are important for the current ex-
periment conditions. However, the electrothermal effect is dominant in the bulk 
fluid. 

1. Introduction 

In the presence of nonuniform electric fields, particles in a suspension experience 
dielectrophoretic (DEP) forces (Jones 1995). This force can move a particle to-
wards areas of high-field or low-field strength, depending on difference of electri-
cal properties between the particles and the suspending medium. These properties 
are a function of the frequency of the applied signal. Using microfabricated de-
vices, manipulation of particles using DEP forces can be achieved in microscale 
channels on a chip with relatively small voltages. Dielectrophoresis has important 
applications in biological procedures, such as detecting, manipulating and separat-
ing bioparticles like cells, viruses, proteins and DNA (Bakewell et al. 1998; Mor-
gan et al. 1999; Yang et al. 1999; Sigurdson et al. 2002).  

While a nonuniform ac electric field can move suspended particles using di-
electrophoretic forces, it can also move the fluid using the electrothermal effect or 
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ac electroosmosis (Ramos et al. 1998; Green et al. 2000; Ramos et al. 2000; 
Meinhart et al. 2002). Green et al. (2000) has conducted measurements of particle 
motion under the influence of non-uniform ac electric fields. Nonuniform electric 
fields produce spatially varying power densities in the fluid and therefore non-
uniform temperature fields in the fluid, leading to local changes in conductivity 
and permittivity. The applied electric field interacts with gradients of conductivity 
and permittivity, giving rise to electrothermal forces in the liquid. In addition, ac 
electric fields produce double layers at the interface between the electrodes and 
the fluid. Ac electroosmosis occurs when the bulk fluid is put in motion by the ac-
tion of the tangential component of the electric field on the induced double layers. 
Both the electrothermal effect and ac electroosmosis can be used to pump fluids or 
to turn on and off vortices in microfluidic devices without moving parts (Brown et 
al. 2001, Studeer et al., 2002). These can be used to actively separate, mix, or di-
rect biological particles (Wong et al., 2003a, 2003b).  

Micron-Resolution Particle Image Velocimetry (µ-PIV) is a unique technique 
that allows detailed measurements of two-dimensional particle velocity and fluid 
velocity in microfluidic devices with spatial resolutions approaching one micron 
(Meinhart et al. 1999; Meinhart et al. 2000a; Meinhart et al. 2000b; Cummings 
2000). Typically, µ-PIV measures the fluid velocity by tracking the motion of 
fluorescent particles with an assumption that the small particles faithfully follow 
the fluid flow. In the current experiments, the particle velocity is different from 
the underlying fluid velocity, due to the DEP forces on the particles induced by 
the applied electric fields. The dielectrophoretic mobilities of particles and the 
fluid velocity can be measured using Two-Color µ-PIV (Meinhart and Wang, 
2001; Meinhart et al. 2002).  

In this paper, we combine two-color fluorescent imaging with micron-
resolution PIV to measure fluid velocity fields within a microfluidic device, sub-
ject to nonuniform ac electric fields. We compare the relative importance of the 
electrothermal effect to ac electroosmosis under certain experiment conditions. 

2. AC Electrokinetics 

Ac electrokinetics refers to the movement of particles and/or fluid induced by ac 
electric fields. The particles and the fluid may affect each other through viscous 
interaction. If the volume fraction of the particles is sufficiently low, the effect of 
the particles on the fluid is negligible. 

2.1 Particle Motion 

Under the influence of nonuniform electric fields, a particle in an aqueous medium 
experiences dielectrophoretic force and drag force. These forces are approximately 
balanced in steady state non-inertial flows, such that 

0=+ DDEP FF , (1) 
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where DEPF   and DF  are the forces due to DEP and Stokes’ drag, respectively. 
The time-averaged dielectrophoretic force on a homogeneous spherical particle 

is (Jones 1995) 

{ }
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where εm is the permittivity of the medium, r the particle radius, Erms the root 
mean square of the ac electric field and K the Clausius-Mossotti factor given by 
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where ε*=ε-jσ/ω is the complex permittivity, σ is the electrical conductivity, and 
subscripts p and m represent the particle and the suspending medium. The com-
plex permittivity is a strong function of the frequency, ω, of the applied signal. 

The sign of the real part of the Clausius-Mossotti factor, Re{K}, defines posi-
tive (Re{K}>0) and negative (Re{K}<0) dielectrophoresis. Re{K} ranges from –
0.5 to 1. The particles are moved toward the electric field intensity maxima by 
positive DEP forces and toward the minima by negative DEP forces. 

The particles also experience drag forces due to viscous interactions with the 
fluid. In the current experiments, the Reynolds number is much less than 1, with 
the characteristic fluid velocity scale of 100µm/s and the characteristic length 
scale of 50µm. The flow motion in the microchannel is not uniform, but we can 
assume the fluid velocity is uniform far from a particle, considering the diameter 
of the particle is only 1µm. The drag force on a spherical particle follows Stokes’ 
law 

)(6 pfD uurF −= πµ , (4) 

where µ is the viscosity of the medium, fu  is the fluid velocity and pu  is the 
particle velocity. 

2.2 Fluid Motion 

The motion of incompressible fluid is governed by Stokes’ equation, where the in-
ertia terms are neglected, due to the near zero Reynolds number, 

02 =+∇−∇ fpu fµ , (5) 

and the mass-conservation equation 

0=⋅∇ fu , (6) 

where p is the pressure and f  is a body force.  
In our experiments the solid volume fraction of the working suspension is 

0.07%. Therefore, the effect of the particles on the fluid is negligible. Subject to ac 
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electric fields, the fluid motion could be caused by the electrothermal effect, ac 
electroosmosis, or other unknown mechanisms. 

2.2.1 Electrothermal Effect 

Wedge-shaped electrodes produce non-uniform electric fields, resulting in non-
uniform power density in the fluid and in turn, non-uniform temperature fields. 
Neglecting convective effects, which is reasonable at the microscale (Ramos et al. 
1998), at steady state the temperature equation is obtained by balancing Joule 
heating with thermal diffusion 

022 =+∇ ETk σ , (7) 

where σ is the conductivity, and 2Eσ  represents the power density generated in 
the fluid by Joule heating from the applied electric fields. The electric field can be 
written in terms of the electric potential, E V= −∇ , where the applied voltage 
field V in a charge neutral fluid obeys Laplace’s equation, 02 =∇ V . 

The properties of the suspending medium are functions of temperature. The 
spatially varying temperature field leads to variation in properties such as charge 
density, electrical conductivity and permittivity. For the current experiment, natu-
ral convection arising from variation in fluid density is negligible. The electric 
fields interact with the gradients of permittivity and conductivity, giving rise to the 
electrothermal force that induces fluid motion. This phenomenon is termed the 
electrothermal effect. The time-averaged electrothermal force is expressed as 
(Ramos et al. 1998) 
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where E0 is the amplitude of the applied electric field, ω is the applied frequency, 
and τ = ε/σ is the charge relaxation time. The gradients of conductivity and per-
mittivity are related to temperature by ∇ε=(∂ε/∂T)∇T and ∇σ = (∂σ/∂T)∇T. 

Equations (5)-(8) describe the fluid motion caused by the electrothermal effect. 
The relation between the fluid velocity and the applied voltage can be estimated 
by order-of-magnitude analysis of these equations. It can be deduced that uf  ~ fE 
from Eq. (5), ∆T ~ V2 from Eq. (7) and fE ~ (∆T)V 2 from Eq. (8). Consequently, if 
the fluid motion is induced by electric fields due to the electrothermal effect, the 
magnitude of fluid velocity is proportional to the 4th power of the applied voltage, 
such that 

4~ Vu f . (9) 
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2.2.2 AC Electroosmosis 

Similar to dc electroosmosis, fluid motion can also be induced by ac electric fields 
(Ramos et al. 1998; Green et al. 2000; Ramos et al. 2000). Double layers are 
formed at the interface between the electrodes and the fluid. The ions in the dou-
ble layers are moved by electrical forces due to the non-zero tangential compo-
nents of the electric fields at the edge of the double layer, which induce the bulk 
fluid motion. The sign of the ions in the double layers is always opposite to that of 
the charges on the corresponding electrode surfaces, which produces a cumulative 
effect under ac electric fields, and therefore results in steady-state fluid motion 
(Morgan & Green, 2003). 

The scale of the double layer width is of order 1-10 nanometers, whereas the 
characteristic length of channels is of order micrometers, in the present investiga-
tion. Consequently, the bulk fluid motion due to ac electroosmosis can be de-
scribed by Eqs. (5) and (6) with body force 0f =  and a finite velocity specified 
as the boundary condition at the electrode surface. The fluid velocity due to ac 
electroosmosis at the electrode surfaces is proportional to the square of the applied 
voltage (Green et al. 2000) 

2~ Vu f . (10) 

3. Experiment Detail 

3.1 µ-PIV Method 

Micron-resolution Particle Image Velocimetry (µ-PIV) has been developed to ob-
tain quantitative measurements of spatially resolved fluid motion at microscale 
(Santiago et al. 1998; Meinhart et al. 1999; Meinhart et al. 2000a; Meinhart et al. 
2000b; Cummings 2000; Meinhart & Wang 2001; Meinhart et al. 2002). This 
technique measures fluid motion by measuring the motion of fluorescent micron-
sized tracing particles suspended in a transparent working fluid. Typically, it is as-
sumed that the particles faithfully follow the fluid.  
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Fig. 1. view of the µ-PIV system. The green lines represent the excitation light; 
the red lines represent the emitted fluorescent light.  

 
In the current experiment, particle images are recorded using an epi-fluorescence 
microscope (Model ECLIPSE E600FN, Nikon) and a 1280 × 1024 × 12-bit 
Hamamatsu CCD camera. Figure 1 shows a schematic of the µ-PIV system. Con-
tinuous illumination light is provided by a mercury arc lamp, filtered by an excita-
tion filter and transferred to the microfluidic device through the objective lens.  
The fluorescently-dyed particles in the fluid are excited and emit fluorescent light. 
The emitted light is passed through a barrier filter and delivered to a CCD camera. 
Time-sequences of images are correlated and then ensemble averaged to obtain 2-
D velocity fields, following the technique developed by Meinhart et al. (2000b). 

3.2 Two-Color µ-PIV  

In the presence of nonuniform electric fields, dielectrophoretic forces cause the 
particle velocity to differ from the fluid velocity. However, if particle velocity 
fields are measured using two sets of electrically similar particles, but with two 
distinct sizes, under the same electric field and flow conditions, the fluid velocity 
can be determined uniquely. In order to distinguish between two different size sets 
of particles in PIV measurement, the different size particles are labeled with dif-
ferent color fluorescent dye.  
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Fig. 2. Schematic of the process of the measurements using two-Color µ-PIV. 
Two different size particles with different color can be recorded by adjusting the 
filter cube apparatus. This minimizes disturbances of the fluid experiment. 

 
Figure 2 shows how choice of appropriate filters allows selective recording of 

either the large or the small particles by the CCD camera. When the filter cube as-
sembly is positioned so that the green excitation and red barrier filters are acti-
vated, only the larger 1µm particles are recorded. Positioning the filter cube as-
sembly to activate the green excitation and blue barrier filters allows only the 
small 0.7µm particles to be recorded by the CCD camera. Therefore, the flow ex-
periment is not disturbed during the process of recording the images of different 
size particles. 

For spherical particles, the magnitude of DEP force scales with radius cube 
(Eq. (2)), while the magnitude of the hydrodynamic drag force scales linearly with 
radius (Eq. (4)). Combining Eqs. (1), (2) and (4) gives the governing equations for 
two different size particles, but with similar electrical properties,  

{ } 0)(3Re 1

22

1 =−+∇ pfrmsm uuEKr µε  (11) 

and 

{ } 0)(3Re 2

22

2 =−+∇ pfrmsm uuEKr µε , (12) 

where up1 and up2 are the particle velocity fields, and 1 2and r r  are the particle 
radii. The fluid velocity can be derived from the above two equations,  
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3.3 Microfluidic Device 

A microfluidic device was designed and fabricated to produce electrokinetically-
generated fluid motion in the observation plane.  Figure 3 shows the test device. 
Two electrodes, separated by a 50µm gap, are sandwiched between two glass wa-
fers, forming a wedge-shaped 550µm deep microchannel. The electrodes were 
fabricated on a 550µm thick silicon wafer using PECVD, photolithography, deep 
RIE and e-beam evaporation. The microfluidic device was made at UCSB’s Nano-
fabrication Facility. Figure 4 shows the fabrication process. By coating a silicon 
substructure with titanium and gold, we can produce electrodes that span the entire 
depth of the channel. Effective sidewall coverage was achieved with sample rota-
tion through e-beam evaporation. 

The ratio of the depth of the channel to the gap (550:50) is sufficiently high so 
that we can assume the electric fields are two dimensional away from the top and 
bottom glass wafers. Two-dimensional particle and fluid motion is observed in the 
experiments. The measurement was focused on the region near the electrode apex, 
where the strong electric field can put the fluid into motion and produce detectable 
dielectrophoretic forces on particles. 

A stabilized sweep genera-
tor (model 22, Wavetek) is 
used to provide ac signals, a 
stereo power amplifier (model 
P500, David Hafler) to am-
plify the voltage, and a digital 
phosphor oscilloscope (model 
TDS3032, Tektronix) to meas-
ure the frequency and voltage 
applied on the microelec-
trodes. The applied voltage 
ranged from 11-14Vrms, with a 
frequency f = 200kHz. The 
test suspension is contained in 
a microfluidic device, and the 
fluid velocity fields are deter-
mined using Two-Color µ-
PIV. 

1cm

Glass

Glass

50µm

Electrodes
(Ti and Au)

550µm

1cm

Glass

Glass

50µm

Electrodes
(Ti and Au)

550µm

 
 
Fig. 3. Schematic diagram of the microfluidic de-
vice. An Si substrate is etched and Ti and Au is 
deposited on the Si substrate to form the electrode 
structure. The device is sandwiched by two glass 
wafers 

Fluorescent polystyrene particles of two size sets were dispersed in a medium 
of 8.5% (w/v) sucrose and 0.3% (w/v) dextrose (to minimize electrolysis). The to-
tal volume fraction of the particles is 0.07%, with 0.02% for the 1µm and 0.05% 
for the 0.7µm particles. The Clausius-Mossotti factor Re{K} is –0.5. Therefore di-
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electrophoresis is negative, which tends to push the particles away from intense 
electric fields, located at the electrode apex. 

 
 
 

 

4. Results and Analysis 

Figures 5 and 6 show 2-D velocity 
fields of ac electrokinetic particle and 
fluid flows in the wedge-shaped micro-
channel. The measurement domain is a 
415µm × 415µm square, corresponding 
to 1024 × 1024 pixels on the CCD cam-
era. This measurement domain is 
150µm below the top glass wafer. The 
applied voltage is 12Vrms with a fre-
quency f = 200kHz, producing a non-
uniform electric field across the wedge-
shaped channel. Under the influence of 
this electric field, the particles were 
subjected to the mixed Stokes’ drag and 
dielectrophoresis. Figure 5 shows the 
velocity fields of 1µm and 0.7µm fluo-
rescent spherical particles, respectively. 
These two vector fields are raw PIV 
data resulting from averaging over 90 
continuous images taken at a rate of 13 
fps, without smoothing or removing er-
roneous velocity vectors. Figure 6 is the 
velocity field of electrokinetic fluid 
flow, determined uniquely from the two 
particle velocity fields using Eq. (13), 
without a priori knowledge of the 2-D 
electric field, the fluid properties, or the 
Clausius-Mossotti factor. Figs. 5A & 5b 
appear qualitatively similar to Fig. 6. 
However, the quantitative accuracy of 
the micro-PIV technique produces clear 
and measurable differences between 
these two velocity fields. 

Si

SiO2

Photoresist

Ti/Au

(a)

(b)

(c)

(d)

(e)
 

Fig. 4. Fabrication process for the elec-
trode structure. (a) A 3µm thick layer of 
SiO2 is deposited on a 550µm thick sili-
con wafer by PECVD, (b) the pattern of 
the wedge-shaped channel is transferred 
to the photoresist through photolitho-
graphy, (c) the sample is soaked in BHF 
for six minutes to remove the exposed 
SiO2, (d) the wafer is etched through 
completely using Deep RIE, (e) 500Å 
Ti and 4000Å Au are deposited using e-
beam evaporation. 

Figure 7 shows the direction and magnitude (within a constant) of the negative 
dielectrophoretic force on the particles, calculated according to Eq. 2. The similar-
ity between the fluid and particle velocity fields (Figs. 5a, 5b & 6) indicates that  
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Fig. 5. Particle velocity fields obtained using two-color µ-PIV. (a) The velocity field of the 
1µm diameter polystyrene particles; (b) the velocity of the 0.7µm diameter polystyrene parti-
cles. The regions A, B and C are characteristic regions of the flow. The black rectangles repre-
sent the electrodes. The applied voltage is 12Vrms at a frequency of 200 kHz. These are raw 
data, i.e. no smoothing was applied. 

 

B

A

C

100µm/s

B

A

C

B

A

C

100µm/s100µm/s

 
Fig. 6. The fluid velocity field, determined 
from the two particle velocity fields shown in 
Fig. 5 using Eq. (13). In the middle of the test 
device, fluid is drawn towards the electrode 
apex. Near the electrodes, the fluid moves 
away from the  

 

 

B

A

C

B

A

C

 
Fig. 7.   Numerical simulation of dielectro-
phoretic force field. Negative DEP will tend 
to move particles away from the electrode tips 
(i.e. away from high electric field intensity). 
The DEP forces near the electrode tips are not 
shown because their magnitudes are too large. 
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the influence of the fluid flow on the particles is dominant, compared to the influ-
ence of dielectrophoresis. If the DEP force were dominant, the particles would 
move away from the electrode tips in the directions shown in Fig. 7. 

Although the particle and fluid flows are similar to one another, differences do 
exist. These differences are measured quantitatively using µ-PIV’s high spatial-
resolution and accuracy. In Figs. 5, 6 & 7, the three regions A, B and C were se-
lected as characteristic regions of the flow. Regions A and C are near the elec-
trodes, and region B at the center of the flow. The magnitudes of the velocity vec-
tors within each region are averaged and shown in Table 1, where up1 is the 
velocity of 1µm particles, up2 the velocity of 0.7µm particles and uf the fluid ve-
locity. 

Table 1. Velocity in each region (µm/s), for voltage 12Vrms, f = 200kHz 
 

A B C 

up1 (1µm) 65 107 88 

up2 (0.7µm) 59 121 85 
uf 54 135 82 

Table 1 shows that the particles are influenced by both fluid flow and dielectro-
phoresis. The particle velocity is similar to the corresponding fluid velocity in all 
the three regions, suggesting that the particle motion is strongly dominated by the 
fluid motion. However, there is a slight difference in velocity between the parti-
cles and the fluid, suggesting that dielectrophoresis has a small effect. According 
to Figs. 6 & 7, the fluid flow is in nearly the same direction as dielectrophoresis in 
regions A and C. Therefore all the particles are moving faster than the fluid. At re-
gion B, dielectrophoretic forces point opposite to the fluid flow, leading to the par-
ticles moving slower than the fluid. Table 1 also shows that the velocity of the lar-
ger particles is larger than that of the smaller particles at regions A and C, and the 
reverse is true at region B. This can be explained with Eq. (2), which indicates that 
the magnitude of the dielectrophoretic force scales with the cube of the particle 
radius. Accordingly, the 1µm particles experience a three times larger dielectro-
phoretic force than the 0.7µm particles, giving rise to the fact that the larger parti-
cles deviate from the fluid flow more than the smaller particles.  

The flow pattern shown in Fig. 6 is similar to that caused by the electrothermal 
effect (Ramos et al. 1998; Meinhart and Wang 2001; Meinhart et al. 2002;), and 
by ac electroosmosis (Ramos et al. 1998; Green et al. 2000; Ramos et al. 2000). 
According to Eqs. (9) and (10), the fluid velocity scales with uf ~ V 4 if it is elec-
trothermal effect, and with uf ~ V 2 if it is ac electroosmosis. 

To determine which effect is dominant, we assume the fluid velocity obeys a 
power law, such that uf ~ V n.  Fluid velocity in regions A, B and C were measured 
over a range of applied voltages, V = 2 – 14 Vrms, and n was found by fitting 
curves. Figure 8 shows the variation of the velocity with the applied voltage.  
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u ~ Vn
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u ~ V5.0
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u ~ V5.5
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u ~ V3.5
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Fig. 8. Fluid velocity at different voltages. Ο represents averaged fluid velocity in region A, 
∆ in region Band  in region C. Fluid velocity u is assumed proportional to Vn, and n=3.5 
– 5.5, and  is found by the fitting curves. 

 
The curve fitting reveals that at region B, around the center of the geometry, n ≈ 
3.5, which is close to 4, seeming to indicate dominance of electrothermally gener-
ated motion here. At regions A and C, near the electrodes, n ≈ 5-5.5, which is a 
stronger dependence on voltage than either phenomena predicts. The fluid near the 
electrodes may be driven by a combination of the electrothermal effect and ac 
electroosmosis. In addition, there may be higher order effects occurring in the 
electric double layers, which are not accounted for in the simplified model devel-
oped by Ramos et al. (1998). 

5. Conclusions 

Decoupling of fluid velocity fields from observed particle velocity fields through 
Two-Color µ-PIV in a 2-D wedge device allows the study of the various 
electrokinetic phenomena which affect particle and fluid motion: dielectrophoretic 
force on particles, ac electroosmotic force on the fluid surface, and electrothermal 
force on the fluid body. 
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The difference between particle and fluid velocity fields, as a result of DEP 
force on particles, was small, indicating a relative unimportance of DEP for this 
regime.  The differences that did occur, however, agree qualitatively with the DEP 
force estimated based on fluid and particle properties. 

The fluid velocity fields at different applied voltages were measured and 
compared in an effort to find the relation between the fluid velocity and the 
applied voltage. For current experimental conditions, the fluid velocity scales 
approximately with voltage to an exponential power of n ~ 3.5-5.5. This suggests 
that for the current experiments, electrokinetically-generated fluid motion may 
result from both the electrothermal effect and ac electroosmosis, and that the 
electrothermal effect is dominant in the bulk fluid. 
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