
 

 

 
Abstract—Automation and control of biological samples and 

solutions at the microscale is a major advantage for biochemistry 
analysis and biological diagnostics. Despite the known potential of 
miniaturization in biochemistry and biomedical applications, 
comparatively little is known about fluid automation and control at the 
microscale. Here, we study the electric field effect inside a fluidic 
channel and proper electrode structures with different patterns 
proposed to form forward, reversal, and rotational flows inside the 
channel. The simulation results confirmed that the ac electro-thermal 
flow is efficient for the control and automation of high-conductive 
solutions. In this research, the fluid pumping and mixing effects were 
numerically studied by solving physic-coupled electric, temperature, 
hydrodynamic, and concentration fields inside a microchannel. From 
an experimental point of view, the electrode structures are deposited 
on a silicon substrate and bonded to a PDMS microchannel to form a 
microfluidic chip. The motions of fluorescent particles in pumping and 
mixing modes were captured by using a CCD camera. By measuring 
the frequency response of the fluid and exciting the electrodes with the 
proper voltage, the fluid motions (including pumping and mixing 
effects) are observed inside the channel through the CCD camera. 
Based on the results, there is good agreement between the 
experimental and simulation studies. 
 

Keywords—Microfluidic, nano/micro actuator, AC 
electrothermal, Reynolds number, micropump, micromixer, 
microfabrication, mass transfer, biomedical applications. 

I. INTRODUCTION 

HE successful approach in Micro-Electro-Mechanical 
industry was a signal to apply the integration mechanism 

into the other biochemistry and bio-analysis field [1]-[4]. Low 
sample consul and fast analysis make the micro-devices useful 
for portable bio and chemistry analysis [5], [6]. The control and 
automation of fluid at micro-scale is an important issue for 
integration of biological applications where fluid mediums with 
different ionic strength (such as deionized water, 
biochemistry/buffers buffer and etc.) are used as medium fluid 
to do a special analysis [7], [8]. The behavior of fluid inside the 
micro-channel can be considered as laminar and creeping flow. 
The fluid behavior can be explained by dimensionless Reynolds 
number, where Re = ρ0U0dh/μ0 [9], [10]. The viscose effects at 
microscale are dominate factors [11], and that is why the fluid 
control and automation is challengeable at micro-scale. 
Therefore, active actuation mechanisms such as DC and AC 
electrokinetic [12]-[14], magnetic force [15] and surface 
acoustic force [16] is used to increase the inertial effects inside 
a microchannel. DC electrokinetic force needs very high 
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electric field and it is not advantageous for the most practical 
applications [17], [18]. AC electroosmotic flow benefits from 
low driving voltage and it is only useful for low ionic strength 
mediums such as DI-water. 

In this research, a microfluidic channel and an electrokinetic 
excitation mechanism is modeled to study the simulation and 
experimental effect of ac electrokinetic mechanism on 
conductive mediums. The multiphysic governing equations 
containing the electrical, thermal and fluid dynamic equations 
are solved inside the microchannel. In order to control and 
automation of biofluids inside the channel, both the numerical 
and experimental investigations for the interactions between the 
fluid and electric field is studied in this study. 

II. MATERIAL AND METHODS 

By applying an electric field to the electrodes immersed in an 
electrolyte, three important mechanisms can occur. a) When the 
applied electric field frequency (f), is well below that of the 
electrolyte charging frequency (τq-1=σ/ε) [19], all of the applied 
electric field will consume for the screening effect by the 
counter ions and nothing else happens. b) When the applied 
electric field frequency is comparable to the electrolyte 
charging frequency, there is not sufficient time to completely 
screen the electrodes. Therefore, a part of applied electric field 
will be used for screening effect and the remaining part will be 
dropped over the electrolyte. If a tangential electric force 
applies to the fluid medium, the charges at the electrode and 
electrolyte interface (electric double layer) will experience a 
significant force. Consequently, these double layer charges pull 
the bulk fluid along and a secondary flow generates inside the 
channel [20]. The flow direction forms from the screened 
portion towards the unscreened portion. The thickness of 
electrical double layer (EDL) is determined as Debye length 
[17], [19]. 
 

𝜆஽ ൌ ට
ఌఌబ௞್்

ଶ௡೔
బ௭೔

మ௘మ                                    (1) 

 
where, kb is the Boltzmann constant, ni

0 is bulk concentration of 
ion i, ε is the dielectric constant of solution, zi is valence of ion 
i, ε0 is the permittivity of vacuum, T is the absolute temperature, 
and e is the initial charge [4]. Based on (1), the AC 
electroosmotic flow is not efficient for the fluids with high salt 
medium [18]-[20]. c) By applying high frequency electric 
fields, there is not sufficient time for the counter ions to screen 
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the surface of the electrodes and the whole of the electric field 
will be dropped over the electrolyte. This case causes the local 
temperature to rise inside the fluid. A temperature gradient field 
∇T induces inside the conductive solution by applying electric 
potential to the electrode pieces with different size. In the 
presence of thermal gradient, the conductivity and permittivity 
properties of electrolyte solution change and then as a result, 
bulk fluid motions form around the electrodes which is called 
ac electro-thermal flow [21], [22]. The interaction of electrodes 
and electric potential and also the bulk fluids’ ionic strength is 
responsible for the generated AC electro-thermal flow. Based 
on the Joule’s law (W=σE2), the generated temperature rise 
inside the channel increases by increasing the ionic strength of 
the electrolyte [19]. It should be noted that for conductive 
solutions, the AC electroosmotic effect will lose its efficiency, 
because of poor electric double layer formation [18], [19]. 

A. Microdevice Design 

The physical design of the microdevice for control and 
microfluid automation is shown in Fig. 1. A pair of electrodes 
are located at the bottom of channel and the loaded fluid 
transports inside the channel by applying AC electric potential 
over the electrodes. the direction of fluid transportation can be 
changed by employing different electrode patterns.  

B. Microchip Fabrication Process 

The fabrication process flow for the electrode structures and 
Polydimethlsiloxane (PDMS) microchannel are visualized in 
Figs. 2 (A) and (B). As the first chip, the electrode structures 
were deposited and structured by sputtering and dry etching 
process, respectively. 

The electrode structures are deposited on a silicon/silicon-
dioxide substrate. Several chips with different electrode 
structures are designed for fluid manipulation and control 
process (Fig. 2 (C)). As the second chip, a mold for PDMS 
microchannel is fabricated, deep reactive ion etching method is 
employed for bare silicon etching and making the mold. PDMS 
is cured over the mold, then removed from the mold and bonded 
to the electrode chips as biochip device. The geometrical 
dimensions of electrodes’ gap and the channel are also shown 
in Fig. 2. 

 

 

Fig. 1 Schematic illustration of electrode patterns for fluid control at 
microscale, A) Directional flow; B) Reversal flow; C) Clockwise 

rotational flow; D) Anti-clockwise rotational flow 

 

Fig. 2 Fabrication process; A) Process flow for electrode deposition on 
Si/SiO2 substrate as 1st chip, B) Process flow for Si-mold to form PDMS 
mirochannel. C) A silicon wafer with 16 different chips for fluid control at 

microscale; D) PDMS chip preparation as microfluidic channel 

C. Physical Equations 

The transport and control of a conductive solution involve 
simultaneous coupling of the electric field, E, temperature field, 
T and fluid flow field, U. since the magnetic field effect is 
negligible, electric field can be expressed by electric voltage φ 
and electric conductivity σ [17], [23]: 

 
𝐸 ൌ െ𝛻𝜑,                                        (2) 

 
𝛻. ሺ𝜎𝛻𝜑ሻ ൌ 0,                                       (3) 

 
As discussed earlier, the electric properties variation with 

temperature can be expressed by [23]: 
 

𝜎ሺ𝑇ሻ ൌ 𝜎ሺ𝑇଴ሻሺ1 ൅ 𝛽ሺ𝑇 െ 𝑇଴ሻሻ,  

𝛽 ൌ
ଵ

ఙሺ బ்ሻ
ሺ

డఙ

డ்
ሻ|𝑇଴ ൌ 2%/𝐾                          (4) 

 
𝜀ሺ𝑇ሻ ൌ 𝜀ሺ𝑇଴ሻሺ1 ൅ 𝛼ሺ𝑇 െ 𝑇଴ሻሻ,  

𝛼 ൌ
ଵ

ఌሺ బ்ሻ
ሺ

డఌ

డ்
ሻ|𝑇଴ ൌ െ0.4%/𝐾                        (5) 

 
As result of an inhomogeneous electric field, the temperature 

gradient arises inside the fluid; the temperature field can be 
formulized by energy balance equation [23]: 

 

𝜌௠𝑐௣𝑣. 𝛻𝑇 ൅ 𝜌௠𝑐௣
డ்

డ௧
ൌ 𝑘𝛻ଶ𝑇 ൅ 𝜎|𝐸|ଶ,            (6) 
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The potential and temperature fields are coupled with 
Incompressible-Navier-Stokes equations to describe the fluid 
motion. It should be noted that the body force originating from 
ac electro-thermal phenomenon is taken into account in Navier-
Stokes equation [18], [23]: 

 
𝛻𝑢̄ ൌ 0,                                            (7) 

 

𝜌௠ ቂ
డ௨̄

డ௧
൅ 𝑢ሬ⃗ 𝛻𝑢̄ቃ െ 𝜇𝛻ଶ𝑢ሬ⃗ ൅ 𝛻𝑝 ൌ 𝑓ா்,                     (8) 

 

൏ 𝐹ா் ൐ൌ െ0.012𝛻𝑇. ఌ|ா|మ

ଵାሺఠఛሻమ ൅ 0.001𝛻𝑇. 𝜀|𝐸|ଶ,      (9) 

 

 

Fig. 3 FEM simulation results for fluid transportation and control, A) 
Electric potential distribution; B) Temperature field; C) Fluid motion, 

streamlines and arrows indicates the fluid velocity direction and 
magnitude 

III. RESULTS AND DISCUSSION 

A. Simulation Results 

Finite-element-method (FEM) simulation analyses were 
carried out with COMSOL Multiphysics Software to 
investigate the bulk fluid motion effects for pumping and 
mixing purposes. The proposed electrode structures were 
patterned in the bottom of the microchannel to investigate the 
flow motion for the electrolytes with high ionic strength 
medium, where the AC electro-thermal flow is dominant. Fig. 
3 shows the pumping flow generated inside the channel by 
applying voltage to the electrode pattern A. The temperature 
field study shows that the generated temperature rise inside the 
channel is below 2 K, which is not trouble making for biological 

applications. By using the patterns C and D the device is able 
to generate vortex effect for mixing purposes. The fluid sample 
A (red color) and regent solution B (blue color) with two 
different species concentration (CA = 1 mol.m-3 and CB = 0 
mol.m-3) inserted into the microchannel. The concentration 
distribution inside the channel is illustrated in Fig. 4.  

B. Experimental Test 

A printed circuit board (PCB) is designed for providing the 
electrical signals to the electrodes and the biochip is mounted 
on the chip holder part. The motions of fluorescent particles 
were captured by using a CCD camera. The experimental test 
setup is indicated in Fig. 5 (A).  

 

 

Fig. 4 A) Concentration distribution of the sample and reagent inside 
the microchannel; B) The concentration profile at outlet of the 

channel for different times 
 

In order to study the fluid motion of biological samples inside 
the proposed PDMS microchannel, the water with high 
conductive medium were mixed with fluorescent particles and 
inserted from the input hole of the channel. The electrical 
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property and frequency response of the fluid is measured by 
using electrochemical impedance spectroscopy and the proper 
actuation voltage applied to the electrodes. For high ionic 
strength electrolyte (like most biological buffers) the electrical 
behavior of the fluid is similar to resistive and as a result the 
AC electrothermal effect is dominant and the ac electroosmotic 
flow will be negligible. A proper electric field is applied to the 
electrode structures and fluid motion starts near the electrodes, 
where the flow direction is based on the electric field lines. By 
increasing the number of electrode pairs, net flow velocities 
observe inside the channel. The particle motion and trajectories 
of the fluorescent particles are shown in Fig. 5 (B). measuring 
the pumping velocity magnitude shows that there is a good 
agreement between the experimental and simulation study. 
 

 

Fig. 5 A) Experimental setup: illustrating microfluidic chip on a chip 
holder, and electronic devices for actuation; B) Particles motion due 
to ac electrothermal pumping effect, (0.2 S/m water, +/−4 Vrms and 

400 kHz) 

IV. CONCLUSION 

To conclude, the high ionic strength fluid motion is observed 
inside the microchannel by exciting the electrodes with high 
frequency electric potential. The fluid control and automation 
at microscale is achieved by electrode engineering and 
generating forward, reversal and rotational flows. The 
characteristics of electric, temperature, concentration and fluid 
velocity fields were analyzed by using FEM simulation study. 
Fluorescent particles experimentally seeded with water solution 
(as biological buffer) to investigate the fluid motion and micro-
manipulation inside the microchannel. The measurement of the 
electrical property of electrolyte and the frequency response 
knowledge gained from this study helps us to control and 
automate the fluids at micro-scale. 
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