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Abstract
Efficient microfluid mixing is an important process for various microfluidic-based biological and chemical reactions. Herein 
we propose an efficient micromixer actuated by induced-charge electroosmosis (ICEO). The microchannel of this device is 
easy to fabricate for its simple straight channel structure. Importantly, unlike previous design featuring complicated three-
dimensional conducting posts, we utilize the simpler asymmetrical planar floating-electrodes to induce asymmetrical micro-
vortices. For evaluating the mixing performance of this micromixer, we conducted a series of simulations and experiments. 
The mixing performance was quantified using the mixing index, specifically, the mixing efficiency can reach 94.7% at a flow 
rate of 1500 µm/s under a sinusoidal wave with a peak voltage of 14 V and a frequency of 400 Hz. Finally, we compared 
this micromixer with different micromixing devices using a comparative mixing index, demonstrating that this micromixer 
remains competitive among these existing designs. Therefore, the method proposed herein can offer a simple solution for 
efficient fluids mixing in microfluidic systems.

Keywords  Induced-charge electroosmosis · Micromixing · Asymmetrical floating-electrodes · Asymmetrical 
microvortices · Comparative mixing index

1  Introduction

Rapid and efficient micromixing of fluids, one of the key 
functions in microfluidic chips, can facilitate a wide variety 
of applications, such as biochemical reactions (Xie et al. 
2012), drug discovery (Ozcelik et al. 2014; Yesiloz et al. 
2017) and medical diagnostics (Gorkin et al. 2010; Ickmans 
et al. 2013; Lu et al. 2013). For microfluids, it is usually dif-
ficult to achieve effective micromixing merely using straight 
microchannel or without perturbance from external fields 
as the laminar flow condition in microchannels. To rapidly 
and efficiently mix fluids in these applications, lots of pas-
sive methods (Feng et al. 2013, 2014; Jegatheeswaran et al. 
2017), and active ones (Chang and Yang 2007; Matsubara 
and Narumi 2016) have been studied. Specifically, the pas-
sive approaches do not consume external energy but they 
are strictly restricted by the geometry of microchannels and 
flow conditions (Xia et al. 2005, 2010; Yasui et al. 2011). 
Compared to the passive methods, the active ones only need 
simple channel structure and can be flexibly manipulated by 
external acoustic, magnetic, or electric field. For external-
fields-based methods, acoustically controlled micromixing 
is non-invasive and flexible, but the acoustic generators are 
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expensive and time-consuming for fabrication (Johansson 
et al. 2009; Ye et al. 2009). Although the magnetic force is 
useful and powerful for fluid mixing, the applications are 
confined by the magnetism of fluids, and complicated mag-
netic moving parts are usually required (Zhou et al. 2015; 
Zhu and Nguyen 2012).

Recently, electrokinetic micromixing has become 
increasingly attractive for its simplicity, no moving parts 
and ease of integration with microelectrodes (Chang and 
Yang 2007; Chen and Yang 2007; Chiu et al. 2012). The 
mixing mechanisms of electrokinetic micromixers mainly 
include AC electroosmotic flow (ACEO) (Sasaki et  al. 
2006), AC electrothermal flow (ACET) (Wu et al. 2017) 
and induced-charge electroosmotic flow (ICEO) (Liu et al. 
2017; Ren et al. 2017). In these methods, the fluid convec-
tion and interfacial perturbation are enhanced by induced 
microvortices. Importantly, the configurations and locations 
of microvortices, relying on the arrangement of electrodes, 
can significantly influence the mixing performance. Since 
the induced-charge electroosmotic microvortices can flex-
ibly appear where the floating electrode(s) is specifically 
arranged (Jain et al. 2009; Wu and Li 2008), the ICEO is a 
promising way for efficient microfluid mixing among these 
electrically controlled mixing schemes.

Regarding ICEO micromixing, several micromixers so 
far have been reported (Daghighi and Li 2013; Kai et al. 
2012). According to the position of induced vortices relative 
to the fluid interface, typically, two mixing strategies can be 
found: the micromixers with vortices crossing fluid inter-
face and the ones with vortices nonintersecting with fluid 
interface. It has been proved that the former one showed 
a better performance for the induced vortices with a more 
intense disturbance on the interface (Harnett et al. 2008). 
Thereby, for improving the mixing performance, it is useful 
to generate the vortices intersecting with fluid interface. In 
previous studies, many researchers employed an array of 
conducting-posts with various shapes, which are asymmetri-
cally arranged within microchannels to generate the vortices 
crossing the fluid interface (Harnett et al. 2008; Zhao and 
Bau 2007). Whereas these three-dimensional conducting-
posts often need complicated configuration optimization, 
and the optimized conducting posts are usually difficult for 
fabrication (Alipanahrostami and Ramiar 2017; Jain et al. 
2009). To design an induced-charge electroosmotic micro-
mixer having simple structure and asymmetrical induced 
vortices, Wu et al. (2016) proposed a mixing device using 
the ITO glass with specific electrode structure to replace the 
complicated conducting posts. Whereas the asymmetrical 
vortices crossing the fluid interface are generated by apply-
ing complicated biased AC signals on the floating-elec-
trodes. This device needs complex control signal to achieve 
a perfect mixing condition. Apparently, it will be better if we 
can make an ICEO-actuated micromixer with the advantages 

of easy fabrication, simple driving signal and dramatic inter-
facial perturbation.

In this paper, we propose an efficient ICEO-based micro-
mixer containing a polydimethylsiloxane (PDMS)-made 
microchannel and an Indium Tin Oxide (ITO) glass substrate 
(Fig. 1a, b). The microchannel is easy to fabricate as its sim-
ple straight structure. Importantly, for improving the fluidic 
interfacial perturbation, six rectangular floating-electrodes 
are asymmetrically arranged in the main channel to gener-
ate vortex pairs that cross the fluid interface (Fig. 1c). And 
the electrode structure can be conveniently obtained by a 
mature soft lithography technology. We thoroughly studied 
the influences of peak voltage, frequency of AC signal, type 
of AC signal, axial fluid velocity, fluid conductivity and fluid 
viscosity on the mixing performance of this micromixer. 
The efficient mixing performance of 94.7% proves that our 
micromixer can provide a new simple and flexible approach 
for efficient mixing of fluids with broad applications in 
microfluidic systems (whole chip is shown in Fig. 1d).

2 � Mixing mechanism

The tangential electric field causes the lateral convection of 
microfluid, then the convection of fluid improves the mixing 
of samples. Therefore, the basic theory contains three parts.

Electric field The electric potential in the liquid meets the 
Laplace’s equation:

where E is electric filed intensity, � is bulk potential, � is 
conductivity of the liquid.

The Laplace equation is subjected to the following bound-
ary conditions:

(1) The potential of the left driving-electrode and the 
right driving-electrode are,

(2) At the electrolyte/double layer interface, the RC 
charging equation provides the required interfacial jump 
condition, which is,

where n is the unit normal vector at the electrode’s surface. 
� = 2�f  is angular field frequency, f is linear frequency, 
�̃  is the potential in the bulk just outside the electric dou-
ble layer, �̃0 is the induced potential of floating electrodes, 
which is determined by the average potential of the linear 
domain close to the outer layer of the electric double layer, 
that is, �0 = ∮

S
�(r) dr∕S , S is the surface area of the floating 

(1)∇ ⋅ (�E) = −�∇2�

(2)
{

�̃L = V1

�̃R = 0
.

(3)� ⋅ n∇�̃ = j�C0(�̃ − �̃0)
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electrode. C0 = CsCd∕(Cs + Cd) is the capacitance of per 
unit area of the whole induced double layer.

(3) The channel wall meets the following equation:

Flow field According to the Helmholtz–Smoluchowski 
equation, the induced-charge electroosmotic velocity meets 
the following equation.

where � is the permittivity of fluids, � is the potential differ-
ence of the electric double layer, � is the viscosity of fluids 
and E

t
 is the tangential electric field in the fluids.

A fraction of the double-layer voltage drops across the 
diffuse layer, acting as the effective induced zeta potential 
that contributes to ICEO:

Due to appreciable double-layer charging in a low 
field frequency, the tangential electric field component 
E
t
= Re((Ẽ − Ẽ ⋅ n ⋅ n)ej𝜔t) at the outer edge of Debye layer 

(4)n ⋅ ∇� = 0.

(5)uslip = −
��E

t

�

(6)�v =
1

1 + 𝛿
(𝜙̃0 −

�𝜙).

exerts Coulomb force on the excessive counterions within the 
diffuse screening cloud, producing time-averaged nonlinear 
electroosmotic slip velocity within each AC period:

To calculate the bulk ICEO flow field, Eq. (7) is substituted 
into the following full Stokes equation, as a boundary con-
dition expressing effective electroosmotic slip on the ideally 
polarizable surface:

Concentration field Assuming the electrophoretic effect is 
neglected, the mass transfer equation can be written as

where c is the concentration. The boundary conditions: the 
concentration values are initially set as 0 and 1 at the two 
inlets respectively, the channel walls and outlet specified as 
n ⋅ (−D∇c) = 0.

(7)
⟨
uslip

⟩
=

�

2�(1 + �)
Re((�̃ − �̃0)(E − E ⋅ n ⋅ n)∗).

(8a)∇ ⋅ u = 0

(8b)−∇p + �∇2
u = 0.

(9)
�c

�t
+ (v ⋅ ∇)c = ∇ ⋅ (D∇c)

Fig. 1   a Schematic diagram of the electro-fluidic device for on-chip 
fluids mixing. b The top view of the main channel, six floating-
electrodes are asymmetrically arranged. c The principle of fluid flow 

on the cross-sections of the channel (cross-sections, I–I, II–II, are 
defined in b). d A photograph of the micromixer
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3 � Materials and methods

3.1 � Device design and fabrication

This micromixer contains a Y-shaped microchannel (90°) 
and a transparent ITO glass with specific electrode struc-
ture (Fig. 1a). The electrodes extending out of the main 
channel are the driving electrodes, and the ones arranged 
in the main channel are the floating electrodes (Fig. 1b). 
The microchannel has a width of Wc , a length of Lc and 
a height of H. The driving electrodes have a distance of 
W, and the width and the length of the floating electrodes 
are Wf andLf , respectively. The gap size of the floating 
electrodes is Df . All these characteristic dimensions have 
been marked in Fig. 1b. The specific dimensions of the 
chip adopted in this study are listed in Table 1.

The fabrication process of this chip mainly includes 
three steps. The first step is to make a mould with a height 
of 38 µm by soft lithography using negative dry-film 
photoresist (RISTON SD238, DUPONT, USA), and the 
microchannel is obtained by casting and curing PDMS on 
the mould. The next step is to make the specific electrode 
structure on ITO glass by soft lithography using positive 
photoresist AZ4620. Finally, the whole chip is finished 
by aligning and bonding the PDMS channel and the ITO 
substrate together using the oxygen plasma treatment.

3.2 � Experimental setup

The mixing of an undyed solution and a dyed one has 
been widely used to evaluate the mixing performance 
of micromixers. Herein, we use the fluorescein (Ker-
mel Tianjin) as the fluorescent dye for the mixing pro-
cess visualization. During the experimental process, 
the fluids are KCl solutions with the same conductiv-
ity (0.001 S/m, 0.01 S/m or 0.02 S/m), one labeled with 
fluorescence, the other without the dye. Finally, the two 
solutions are simultaneously injected into the main chan-
nel of the micromixer through two inlets using a syringe 
pump (PHD Ultra, Harvard Apparatus). Flow fields are 
observed using a fluorescence microscope (IX73, Olym-
pus) with a CCD camera (Prime 95B). The AC signal is 
applied to the driving electrodes using a function genera-
tor (TGA12104, TTi). The gray-value of the experimental 
pictures is measured using an image J software.

4 � Results and discussion

4.1 � Numerical analysis

According to the basic theories in Sect. 2, we established a 
numerical simulation model using a commercial software 
(COMSOL 5.3). The simulation results in Fig. 2a1–a3 show 
that the fluids with an axial velocity of 1500 µm/s cannot be 
mixed well only by the molecular diffusion process. Figure 2a4 
indicates that the fluids are effectively mixed by applying an 
AC signal with a peak voltage of 14 V and a frequency of 
400 Hz. Figure 2a5, a6 exhibit the counter-rotating micro-
vortexes on I–I cross-section and II–II cross-section. It is clear 
that the area of fluid interface is increased by the twisting and 
stretching of microvortices. The fluids closing to the edge 
of the microchannel are usually difficult to be well mixed in 
many micromixers as the poor fluid convection in these areas. 
Whereas the microvortices generated on the driving electrodes 
in our micromixer (shown in Fig. 2a5, a6) can drive these 
fluids to the midchannel. Then these fluids driven to the mid-
channel can be twisted and stretched by the ICEO microvorti-
ces. Therefore, the microvortices generated on the electrodes 
are also helpful to promote the mixing performance in this 
micromixer. Figure 2b, c shows the electric field intensity and 
the electroosmotic slip velocity across the y coordinate on I–I 
and II–II cross-section, respectively. Specifically, the electric 
field intensities and the ICEO slip velocities at the edge of 
electrodes are higher than that in other regions.

For the quantitative evaluation of mixing performance, the 
mixing index is defined as (Huang et al. 2007).

where Ii is the fluorescent intensity of each point, n is the 
number of pixels, and Iav is the average intensity over n pix-
els (in experiments, Ii and Iav are the fluorescent intensity 
of each point and the average intensity, respectively). For 
unmixed fluids, the mixing index is 0, as for the completely 
mixed fluids, the mixing index is 1. Usually the mixing index 
that is or above 0.9 indicates excellent mixing performance.

To make sure the credibility of simulation results, a 
grid-independence test was firstly carried out. Compared 
to the tetrahedral meshes, since the hexahedral meshes 
have better computational accuracy and faster conver-
gence, the computational domain was completely covered 

(10)Mixing index = 1 −
�

Iav
=

⎛
⎜⎜⎜⎝
1 −

�
1∕n

∑
(Ii − Iav)

2

Iav

⎞⎟⎟⎟⎠

Table 1   The specific 
dimensions of the chip

Parameters H Wcc Wfc Wf W Lf Wc Df Lc

Value (µm) 38 120 100 50 120 500 170 25 3125
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by the hexahedral meshes. Eight simulation models with 
an element number ranging from 8.85 × 103 to 1.62 × 105 
were simulated. The numerical results indicated that the 
influence of the number of elements on the simulation 
results can be neglected when the number of elements is 
above 8.62 × 104 (Fig. 3a). Thus, a simulation model with 
8.62 × 104 hexahedral meshes is determined as the final 
model in terms of the accuracy and efficiency of simu-
lation. The mixing profile shown in Fig. 3a indicates an 

efficient mixing performance at a flow rate of 1500 µm/s 
under an AC signal with a peak voltage of 14 V and a 
frequency of 400 Hz.

After the appropriate simulation model was established, 
we studied the influence of axial flow rate on the mixing 
performance (Fig. 3b). When the peak voltage is 10 V, we 
first determined the optimal frequency as 400 Hz by simu-
lating the mixing performance under different frequencies 
ranging from 100 to 1000 Hz and axial velocities varying 

Fig. 2   a Simulation model of the micromixer, a1–a3 shows the con-
centration state without an AC electric field, a4 indicates concentra-
tion state at a flow rate of 1500 µm/s under a sinusoidal wave with 
a peak voltage of 14 V and a frequency of 400 Hz, a5 shows the lat-
eral motion state of fluids under the influence of the driving-electrode 
and the first floating-electrode. a6 exhibits the lateral motion state 

of fluids under the influence of the driving-electrode and the second 
floating-electrode. b Velocity and electric field intensity across the y 
coordinate on I–I cross-section when z is 1 µm. c Velocity and elec-
tric field intensity across the y coordinate on II–II cross-section when 
z is 1 µm
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from 0.5 to 3.0 mm/s. Then we fitted a curve showing the 
relationship between the optimal mixing index and the axial 
flow rate (Fig. 3b). Clearly, the mixing efficiency decreases 
with the rising flow rates. This can be explained by the fol-
lowing statement. The fluids in microchannel flow both on 
the axial-section (driven by the axial pressure of fluids) and 
on the cross-section (driven by the applied AC electric field), 

the interface of two fluids can be effectively perturbed only 
when the axial flow velocity is close to the lateral velocity. 
With the rising axial flow rates, the interfacial perturbation 
caused by ICEO gradually decreases.

Then the dependence of mixing efficiency on the type 
of AC signal was investigated. When the peak voltage was 
10 V, we simulated the mixing performances under different 

Fig. 3   a Mesh independency test of the simulation model (velocity 
is 1500  µm/s, sinusoidal wave, peak voltage is 14  V and frequency 
is 400 Hz). b Influence of fluid velocity on the mixing performance 
(sinusoidal wave, peak voltage is 10 V and the optimal frequency is 
400 Hz). c A plot of the mixing performance versus the applied fre-
quency when triangular wave, sinusoidal wave and square wave are 
applied on the driving electrodes (peak voltage is 10  V, velocity of 
fluid is 1500  µm/s). d Influence of the applied voltage on the mix-

ing performance (velocity is 1500  µm/s, sinusoidal wave and opti-
mal frequency is 400 Hz). e A plot of mixing performance versus the 
applied frequency for electrolytes with different conductivities (veloc-
ity is 1500 µm/s, sinusoidal wave and peak voltage is 14 V). f Influ-
ence of the viscosity of fluids on the mixing performance (velocity is 
1500  µm/s, sinusoidal wave, peak voltage is 14  V and frequency is 
400 Hz)
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frequencies and AC signals (Fig. 3c). The result in Fig. 3c 
shows that the optimal frequency is still 400 Hz and the 
micromixer has the best mixing performance when apply-
ing a square wave. According to the concentration distribu-
tions at the exit of the micromixer shown in Fig. 3c, we can 
conclude that the concentration distribution under a square 
wave is the most homogeneous. More importantly, when 
we use the square wave to replace the triangular wave, the 
mixing index can be increased from 81.7%, a general mixing 
state, to 92.8%, an effective mixed state. The reason why the 
micromixer under a square wave will have the best mixing 
performance is explained as follows. Based on Eq. (5), the 
ICEO slip velocity is proportional to the tangential electric 
field intensity (E

t
) and the potential difference of the dou-

ble electric layer (�) . The values of E
t
 and � are related to 

the time-averaged voltage of AC signals. Among triangular, 
sinusoidal and square wave, the square wave has the big-
gest time-averaged voltage when the frequency and the peak 
voltage of three kinds of AC signals are same. Therefore, 
the mixing performance can be effectively improved using 
square wave.

The voltage of applied AC signal can affect the poten-
tial difference of the electric double layer and the tangential 
electric field, therefore, we simulated mixing performances 
under a sinusoidal wave with different voltages ranging from 
6 to 14 V. Figure 3d demonstrates that the mixing index 
increases with the increase of peak voltage. The mixing 
index can reach 95.3% when applying a sinusoidal wave with 
a frequency of 400 Hz and a peak voltage of 14 V.

Furthermore, we simulated the mixing performance 
under different solution conductivities ranging from 0.001 
to 0.1 S/m. According to Fig. 3e, the optimal frequency 
increases with the rising solution conductivities, but the 
optimal mixing index decreases with the increase of solu-
tion conductivity. This phenomenon can be explained by 
the basic ICEO theory. The optimal frequency of AC signal 
fc = (1 + �)

√
D��∕(2��L) increases with the increasing 

solution conductivities. As for the thickness of the elec-
tric double layer �D =

√
D�∕� , it decreases as the solution 

conductivity increases. The fluids out of the electric double 
layer are driven by viscous force provided by the fluids in 
the electric double layer. When the electric double layer is 
too thin, the charged-fluids in the electric double layer will 
not be able to drive the fluids out of the double layer to 
move. Therefore, the optimal mixing index decreases with 
the increase of solution conductivity.

Finally, we numerically analyzed the influence of fluid 
viscosity on the mixing performance (Fig. 3f). When the 
axial velocity and the peak voltage of the sinusoidal wave 
is 1500 µm/s and 14 V, respectively, the optimal frequency 
is still 400 Hz by investigating the mixing performances 
under different frequencies ranging from 100 to 1000 Hz. 
The fitted curve in Fig. 3f shows that the fluid viscosity has 
a negative effect on the mixing performance. Specifically, 
the mixing index decreases from 92.8 to 60% when the fluid 
viscosity rises from 1 to 8 mPa s. This phenomenon can be 
explained by Eq. (5), that is, at higher viscosity of fluids, the 
interfacial perturbation effect tends to be weaker.

4.2 � Experimental results

For demonstrating the efficient mixing performance of this 
micromixer, except for a series of simulations, we also con-
ducted systematically experiments by injecting the undyed 
KCl solution and the fluorescent one into the microchannel 
through two separate inlets. Figure 4 shows some typical 
fluorescent profiles in the micromixer. Figure 4a indicates 
the unmixed laminar flow state at a flow rate of 1500 µm/s 
with the power off, in which a clear interface was observed. 
Figure 4b–d exhibit the mixing results when the voltage and 
the frequencies of the applied AC signal are 14 V, 300 Hz; 
14 V, 400 Hz; and 14 V, 500 Hz, respectively. Clearly, the 
normalized concentration of the unmixed laminar flow is 
the most inhomogeneous (Fig. 4e). The distribution of nor-
malized concentration at 400 Hz is the most homogeneous 
(Fig. 4e).

We first experimentally studied the influence of fluid 
velocity on the mixing performance. Figure 5a indicates that 

Fig. 4   a–d Concentration 
distribution profiles under dif-
ferent frequencies. (Velocity is 
1500 µm/s and the peak voltage 
is 14 V). e Plots of normalized 
fluorescent concentration across 
the width of channel
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the mixing performance decreases from 0.9 to 0.5 as the 
fluid velocity rises from 0.5 to 3 mm/s at 10 V and 400 Hz. 
The optimal frequency, 400 Hz, is determined by analyzing 
the mixing efficiencies under different frequencies ranging 
from 100 to 1000 Hz. Comparing the experimental result to 
the numerical analysis, although they have same variation 
trend, the experimental values are a bit smaller than that in 
simulations. The reason is that the unspecific adhesion of 
the fluorescence particle on the channel walls causes uneven 
distribution of normalized fluorescent intensity. Figure 5b 
shows the mixing profiles under the flow rate of 0.5 mm/s, 
1.5 mm/s and 3 mm/s at 10 V and 400 Hz. The mixing pro-
files clearly indicate the dependence of mixing performance 
on fluid velocity (also see supporting information).

Then the influence of the type of AC signal on mixing 
performance was analyzed. Figure 5c shows the mixing 
performance versus the applied frequency under triangular 
wave, sinusoidal wave and square wave. This micromixer 
exhibits the best mixing performance of 90.98% under a 
square wave with a peak voltage of 10 V and a frequency 
of 400 Hz. The reason is that the square wave has the best 
time-averaged voltage causing the biggest electroosmotic 
slip velocity when the peak voltage and the frequency 
of three kinds of AC signals are same. Due to the exist-
ence of oxide layer of ITO, buffer capacitance and surface 
conduction, the practical ICEO slip velocity is lower than 
the theoretical value. Therefore, the mixing performances 
obtained by experiments are a bit worse than that in simu-
lations (The comparisons under other signals are given in 
Fig. S1). The mixing profiles at different AC signals are 
shown in Fig. 5d (see Support Information), it is clear that 
the distribution of fluorescence under the square wave is the 
most homogeneous.

Apart from the type of AC signal, we studied the effect of 
the peak voltage on mixing performance. Figure 5e indicates 
that the mixing performance apparently increases with the 
rising voltages when the fluid velocity is 1500 µm/s, the 
frequency of the AC signal is 400 Hz. The optimal frequency 
is determined by analyzing the mixing efficiencies under 
different frequencies. More importantly, the mixing perfor-
mance of the micromixer can reach a perfect mixing state, 
94.7%, at 14 V. The mixing profiles under different voltages 
shown in Fig. 5f clearly exhibit the effect of the voltage on 
the mixing performance (see supplementary information).

Furthermore, we performed the mixing experiments 
under different solution conductivities. Figure 5g shows 
that the mixing index apparently decreases with the rising 

solution conductivities. Comparing the experimental result 
to the simulation at 0.001 S/m, although they have same 
variation trend, the mixing index in experiment is obviously 
lower than that in numerical analysis (The comparisons 
under other solution conductivities are shown in Fig. S2). 
This phenomenon can be explained by the existence of oxide 
layer of ITO, the buffer capacitance and the surface conduc-
tion in experiments. Specifically, numerical analysis usually 
does not consider the influences of these items on mixing 
performance, but they would definitely decrease the ICEO 
slip velocity. The decreased slip velocity then causes the 
decrease of mixing efficiency. The mixing profiles under 
different solution conductivities shown in Fig. 5h clearly 
exhibit the negative effect of the solution conductivity on 
the mixing performance. Therefore, this experiment dem-
onstrates that this micromixer is efficient for manipulating 
low conductive solutions.

Finally, we compared this micromixer with different 
micromixing devices using a comparative mixing index 
(CMI). Usually, the mixing index is obtained at the channel 
outlet by evaluating the standard deviation of gray-value at 
the exit. Whereas this method does not consider the varia-
tion of samples residence time among different designs. Jain 
et al. (2010) proposed a comparative mixing index (CMI) 
accommodating the residence time to judge the non-diffu-
sive mixing enhancement for various micromixers over the 
T-mixer. The CMI is defined by the following equation:

where (Me)X is the mixing efficiency of an arbitrary micro-
mixer; (Me)T is the mixing efficiency of the T-mixer [the 
channel structure of a T-mixer is defined by Tafti et al. 
(2008)].

The theoretical limits for CMI is between one and infin-
ity. And it can be used to evaluate any arbitrary designs by 
benchmarking the mixing efficiency with respect to T-mixers 
for same residence time. When the micromixer with dif-
ferent channel lengths are compared under different flow 
rates, the non-diffusive mixing improvement can be obtained 
by normalizing the effect of residence time. Thus, it would 
be reasonable and useful to compare various micromixer 
designs using the CMI. According to the CMI, the mixing 
performance of our micromixer was evaluated by comparing 
it to the micromixer with coplanar electrodes based on DC-
biased ACEO flow, the Sigma micromixer and the micro-
mixer with Tesla structures (Table 2).

According to Table 2, the non-diffusive mixing improve-
ment of our micromixer reaches up to 316%, which is the 
highest value among these mixing devices. Therefore, this 
presented micromixer remains competitive among these 
existing designs. What’s more, the current micromixer (a) 

(11)CMIX,T =
(Me)X|(Lc,�)
(Me)T|(Lc,�)

Fig. 5   a, b Influence of fluid velocity on mixing performance. c, d 
Mixing performance versus the applied frequency under different 
signals. e, f Effect of the peak voltage on mixing performance. g, h 
Influence of the solution conductivity on the mixing efficiency (see 
Movie S1)

◂
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is much easier to fabricate in comparison with other ICEO-
based micromixers which always need an array of compli-
cated conducting-posts with various shapes and arrange-
ments in microchannels. Therefore, this design can offer a 
simple method for improving the fluid mixing performance.

5 � Conclusions

In this work, we demonstrated the mixing capability of an 
ICEO-based micromixer. The current device utilizes sim-
ple planar asymmetrical floating electrodes made of ITO 
glass to generate effective microvortices crossing the fluidic 
interface. The mixing efficiency was thoroughly investigated 
by simulations and experiments, showing that the mixing 
efficiency can reach 94.7% within 3.2 mm mixing length 
under a sinusoidal wave with a peak voltage of 14 V and a 
frequency of 400 Hz when the axial flow rate is 1500 µm/s. 
The mixing performance of the proposed micromixer was 
also appropriately compared with some other micromixers 
using the comparative mixing index (CMI), demonstrat-
ing that this micromixer remains competitive among these 
existing designs. The current micromixer is expected to 
have advantages such as simple structure, low cost, flexible 
manipulation, and robust and stable performance. Therefore, 
this work provides a promising approach for efficient elec-
trokinetic mixing with broad applications in microfluidic 
systems.
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