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Abstract
Previous studies on electrokinetically generated vortices generally involve using relatively complicated heterogeneous sur-
face charge patterns (with zeta potentials of different polarities). In this paper, vortex formation in a straight channel with 
zeta potentials of two different values, but the same polarity was investigated. Particularly, the effects of the length ratio 
of the polybrene (PB)-modified section to the unmodified section on vortex formation in electroosmotic flow in a straight 
polydimethylsiloxane (PDMS) microchannel were studied numerically and experimentally. The numerical results show 
that for the 5% PB-modified channel (with a zeta potential of about − 5 mV), a vortex will be formed when the length ratio 
of the modified section to the unmodified section was larger than 4. Such results were experimentally verified with tracing 
particles. The critical length ratio decreases with the decrease in the absolute value of the zeta potential of PB-modified 
section and increases with the increased channel width. The results presented in this paper are valuable for understanding 
vortex formation in a straight channel which is partially modified with PB.
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1  Introduction

Following the development of micro- and nanofabrica-
tion technologies, microfluidic and nanofluidic lab-on-chip 
devices have showed great potentials in both scientific 
researches and engineering applications. Due to the use of 
microchannels or nanochannels, such devices have distinc-
tive advantages including easier integration, compact size, 
reduced sample consumption. However, the flow of solu-
tions in microchannel or nanochannel is laminar (very small 
Reynolds number) and is unfavorable for solution mixing, 
chemical reaction, solute or cell concentration (Zhou et al. 
2013) or heat transfer (Al-Asadi et al. 2016; Tang et al. 
2016). Generating a vortex in a microchannel is an effec-
tive approach to overcome the above-mentioned issues and 

has been widely applied for flow control in a microchannel 
(Hsiao et al. 2014; Lee et al. 2016; Yang et al. 2016; Lee 
and Fu 2018).

The existing methods of generating vortices in a micro-
channel may be categorized into passive methods and active 
methods (Hessel et al. 2005; Nguyen and Wu 2005; Capretto 
et al. 2011; Lee et al. 2011). For the passive methods, the 
channel is usually designed with complicated configurations 
and geometries, such as lamination (Tofteberg et al. 2010; 
Buchegger et al. 2011), zigzag channels (Lee et al. 2006), 
serpentine structure (Mengeaud et al. 2002; Lin et al. 2005; 
Chen et al. 2009; Kang et al. 2009; Moon and Migler 2010; 
Neerincx et al. 2011), embedded barriers (Singh et al. 2009; 
Tsai and Wu 2011), twisted channels (Hardt et al. 2006), 
herringbone structures (Stroock et al. 2012) and so on to 
increase the contacting surface area and alternate the stream 
lines for vortex generation. For the above-mentioned channel 
configurations, the solutions are typically transported under 
a relative high pressure in order to acquire a high flow rate 
for vortex formation. The reported flow rate ranges from 
51.4 to 22 500 mL/h (Liu et al. 2000a; Mengeaud et al. 2002; 
Kang et al. 2009). Such a high driving pressure poses great 
challenge to the sealing of a microfluidic chip.
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Flow vortex can also be generated by using external 
forces, such as mechanical (Shang et al. 2016), electrokineti-
cal (Ajdari 1995; Stroock et al. 2000; Qian and Bau 2002; 
Hau et al. 2003a; Biddiss et al. 2004; Lee et al. 2004; Ashish 
et al. 2007; Wu and Li 2008b, a; Zhao and Yang 2009; Eck-
stein et al. 2009; Daghighi et al. 2013; Jain and Nandakumar 
2013; Zhang and Li 2014; Bera and Bhattacharyya 2015; 
Song et al. 2016b; Wang et al. 2016; Nayak et al. 2018), 
magnetic (Wang et al. 2008; Wen et al. 2009), acoustic force 
(Ahmed et al. 2009; Luong et al. 2011). These methods are 
generally named as active methods. Among these methods, 
using electrokinetically driven flow to generate vortices has 
attracted many interests due to its easy operation, simple 
configuration without using the bulky pumps and tubes. To 
electrokinetically generating a vortex, the channel should 
have different zeta potentials to generate different electroos-
motic flow patterns. One way is to utilize the induced charge 
electroosmotic flow (ICEO) phenomena by inserting induct-
ing obstacles in channel (Eckstein et al. 2009; Zhao and 
Yang 2009; Daghighi et al. 2013). It was found that solution 
mixing can be greatly improved due to the formation of the 
vortices near the conducting surfaces (Wu and Li 2008a, b; 
Bera and Bhattacharyya 2015). With the forming of vortices, 
particle focusing (Song et al. 2016b), separation (Zhang and 
Li 2014) and flow switching (Wang et al. 2016) were also 
demonstrated.

Another way of generating electrokinetic vortices is to 
pattern the channel surface with heterogeneous surface 
charges. Such induced flow fields were both numerically and 
experimentally investigated. Ajdari (1995) numerically stud-
ied the steady convective rolls generated in a channel with 
variable surface charge distribution. The generated rolls may 
be used for generating currents and forces. Qian and Bau 
(2002) investigated electroosmotic flow patterns in a channel 
with nonuniform zeta potential distributions. For this simu-
lation, the zeta potential pattern was created by embedding 
electrodes under the solid surface. They showed that chaotic 
advection may be generated by periodic alternations of the 
zeta potentials. By setting the channel wall with different 
zeta potentials (varied with different patterns), Ashish et al. 
(2007) studied by numerical simulation the effect of elec-
troosmotic flow on the pressure-driven flow in a serpentine 
microchannel. They found that the electroosmosis vortex 
pair and their flow velocities were modified asymmetrically.

The effects of surface heterogeneities on the electroos-
motic flows were investigated numerically for electroosmotic 
flows in microchannels with either periodically patch-wise 
heterogeneous surface patterns (Erickson and Li 2003) or 
an axially varying zeta potential (Ren and Li 2001). These 
studies found that the flow structures, both directions and 
magnitudes, depend on the degree of heterogeneity, the 
unequal section size and the direction of the zeta potential 
change. Besides using heterogeneous zeta potential patterns, 

the synergetic effects of the surface heterogeneity and a pres-
sure-driven flow (Lee et al. 2005b) or the field of electri-
cal double layer (Erickson and Li 2002a) on electrokinetic 
flow and solution mixing (Erickson and Li 2002b) were also 
examined.

Vortex flow in a nanochannel was also reported by Nayak 
et al. (2018) who theoretically studied the effect of a non-
conducting obstacle with heterogeneous zeta potential. Their 
results show that the performance of mixing can be increased 
by increasing the patch potential strength and block height. 
Jain and Nandakumar (2013) systematically studied several 
different charge patterns on mixing performance aiming to 
find an optimal design for each pattern.

Comparing with the numerical investigations, there are 
relatively less experimental verifications due to the difficul-
ties in experimentally patterning the complicated surface 
charge (Stroock et al. 2000). By chemically patterning posi-
tive and negative surface charges on the surfaces of silicon 
dioxide and glass, Hau et al. (2003a) generated out-of-plane 
vortices electrokinetically. Herr et al. (2000) investigated 
the electroosmotic flow in an open capillary with step zeta 
potential change created by coating a proprietary material. 
The purpose of this study is to study the parabolic flow pro-
file and sample-dispersion rate caused by induced pressure 
gradients resulting from axial zeta potential variations. To 
pattern the channel with heterogeneous surface charges, they 
used a method which involves relatively complicated opera-
tions (Hau et al. 2003b). Lee et al. (2004) fabricated capaci-
tor electrodes [(Au)Cr thin films] to induce variable zeta 
potentials along a silica microchannel. They showed that the 
buried electrodes can result in better zeta potential variation 
and thus better mixing performance. Stroock et al. (2000) 
measured EOF in a microchannel with two types of surface 
charge patterns which are created by coating organic poly-
mers on the channel walls using soft lithographic techniques 
(Xia and Whitesides 1998). The experimental results showed 
that both multidirectional flow and recirculating flow were 
formed. By designing five different patterning configurations 
which were modified with 5% PB solution, Biddiss et al. 
(2004) studied the effects of surface charge patterning on 
solution mixing. Unfortunately, they did not show the influ-
ences of surface charge patterning on vortex formation. As 
reviewed above, different patterns of heterogeneous surface 
charges have been proposed and their effects on electroki-
netic vertical flow have been investigated. It should be noted, 
however, that these heterogeneous patterns are generally 
complicated. Furthermore, most of the surface charge pat-
terning was achieved either by using chemical modification 
or using microelectrodes. All these methods present some 
challenges on microfabrication in practice.

In recent years, modifying polydimethylsiloxane (PDMS) 
channel surface with biocompatible polymers, such as 
polybrene has been widely applied aiming to improve the 
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electrokinetic, electrochemical or biological stability of 
PDMS channel (Tavares et al. 1997; Cifuentes et al. 1998; 
Liu et al. 2000b; Lee et al. 2005a; Wang et al. 2007). There-
fore, is it possible to form vortices near the sample well in 
a straight microchannel partially coated with polybrene? If 
so, the sample solution can be effectively mixed by the vor-
tices right after leaving the well. In this paper, the effects 
of the length ratio of the polybrene modified section to the 
unmodified section on the formation of vortex in electroos-
motic flow in a straight PDMS microchannel were investi-
gated numerically and experimentally. The aim is to find 
the smallest length ratio (named as critical length ratio) that 
can generate a vortex near the sample well under different 
conditions.

2 � Chip structure and mathematical model

A rectangular straight microchannel, as shown in Fig. 1, 
with two sections was studied in this work. The lengths of 
the PB-modified section and the unmodified section are 
LPB and LPDMS, respectively. The width and height of the 
microchannel are W and H. The length ratio is defined as 
β = LPB/LPDMS.

The microchannel is filled with an aqueous electrolyte 
solution, and a DC electric field (E) is applied in the micro-
channel from left to right. Once the charged channel walls 
contact the aqueous solution, the electric double layer (EDL) 
is formed at the wall–solution interface. Correspondingly, 
the electroosmotic flow (EOF) is generated in the micro-
channel under the effect of the DC electric field. In this 
study, the PDMS layer containing the microchannel structure 
is bonded with a glass slide at the bottom, therefore, the top 
wall and the two side walls of the microchannel are PDMS 
and the bottom wall is glass. ζglass indicates the zeta potential 
on the bottom surface of the channel. The zeta potentials on 
the rest channel walls of the unmodified section and the PB-
modified section are denoted by ζPDMS and ζPB, respectively.

2.1 � Applied electric field

The distribution of the applied DC electric potential (V) 
in the microchannel is governed by the Laplace equation:

The local strength ( ⃗E ) of the DC electric field is 
described by

with the boundary conditions

at the top, bottom and side walls of the microchannel, where 
n⃗ is the unit normal vector of the surfaces of the channel 
walls;

at the left boundary of the microchannel;

at the right boundary of the microchannel.

2.2 � Flow field

At steady state, the distribution of the flow field is gov-
erned by the Navier–Stokes equation (Eq. 4) and the con-
tinuity equation (Eq. 5):

where U⃗ is the velocity vector, ρ = 1000 kg/m3 is the den-
sity of the liquid, µ = 0.001 Pa s is the dynamic viscosity of 
the liquid, p is the pressure, and ρe is the local net charge 
density.

In this model, there is no pressure-driven flow in the 
microchannel, so the boundary conditions of zero pressure 
(Eq. 6a) and zero viscous stress (Eq. 6b) (Wang et al. 2018a, 
b, c, 2019) are applied at the inlet and outlet of the channel.

For Eq.  (4), the Helmholtz–Smoluchowski velocity 
(Hunter 1981) is applied on the charged surface as a slip 
boundary condition to show the effect of EOF. Thus, the 
boundary conditions are as follows:

at the bottom boundary of the microchannel (glass substrate), 
where ε0 = 8.85 × 10−12 F/m is the dielectric permittivity 

(1)∇
2V = 0.

(2)E⃗ = −∇V ,

(3a)n⃗ ⋅ E⃗ = 0,

(3b)V = V0,

(3c)V = 0,

(4)∇p = 𝜇∇2U⃗ + 𝜌eE⃗,

(5)∇ ⋅ U⃗ = 0,

(6a)p = 0,

(6b)n⃗ ⋅ ∇U⃗ = 0.

(7a)U⃗ = −

𝜀0𝜀𝜁glass

𝜇
E⃗

Fig. 1   Schematic of the straight microchannel
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in vacuum, ε = 80 is the relative dielectric constant of the 
solution;

at the channel walls of the unmodified section;

at the channel walls of the PB-modified section.

3 � Numerical simulation

In this study, COMSOL MULTIPHYSICS 5.2a® was used to 
solve the 3D numerical model described above. The meshing 
density greatly affects the accuracy of the simulation result. 
Thus, the verification of the mesh independence should 
be conducted. The flow velocity at the center point of the 
PDMS channel was examined under different meshing densi-
ties and found that the difference of the flow velocity is less 
than 0.5% when the triangular mesh number is increased 
from 979,424 to 1,046,907. Therefore, the total mesh num-
ber of 979,424 was used in the simulation.

4 � Experiments

4.1 � Chip fabrication and PB coating

4.1.1 � Chip fabrication

For the straight microchannel shown in Fig. 1, the width, 
length and height are 70 µm, 2000 µm and 70 µm, respec-
tively. The structure of the channel was designed and trans-
formed to a film mask firstly. Using the soft lithography 
method (Xia and Whitesides 1998), the masters made of 
a negative photo-resist of SU-8 3010 (MicroChem Co., 
Newton, MA) were fabricated on a silicon substrate (4″ N/
PHOS, Montco Silicon Technology Inc., Spring City, PA). 
To fabricate the PDMS channel, liquid PDMS (Sylgard 
184, Dow Corning, USA) and curing agent (a mass ratio of 
10:1) were mixed together and then degassed in a vacuum 
oven (Isotemp model 280A, Fisher Scientific, Pittsburgh, 
PA, USA) for at least half an hour. Afterwards, the PDMS 
mixture was poured onto the master and heated at 80 °C in 
another oven (Isotemp model 280A, Fisher Scientific, Pitts-
burgh, PA, USA) for 2–3 h. The firm PDMS layer was then 
peeled off from the master and the wells were punched on 
the PDMS layer.

(7b)U⃗ = −
𝜀0𝜀𝜁PDMS

𝜇
E⃗

(7c)U⃗ = −
𝜀0𝜀𝜁PB

𝜇
E⃗

4.1.2 � PB coating

The method described in the reference paper (Liu et al. 
2000b) was used to coat a layer of PB (H9268, Sigma) on 
the channel. To selectively coating one section of the chan-
nel, the PDMS channel was exposed to air upwards with 
the unmodified area of the channel covered by a rectangular 
PDMS film. In this way, air will be trapped within the space 
formed by the covering PDMS film and the PDMS channel. 
Then, the uncovered area of the channel was rinsed with 
0.1 M NaOH for 4 min and then was rinsed with deionized 
water for 4 min to remove the residual NaOH. Afterwards, 
the channel was immersed into PB solution with a concen-
tration of 0.5% for 2 min. For the above two operations, the 
aqueous solutions will not enter the covered section due to 
the existing of trapped air in the closed channels and the 
hydrophobic channel surface. Finally, the cover PDMS film 
was removed and the modified PDMS channel was irre-
versibly bonded to a glass slide (25.66 × 75.47 × 1.07 mm, 
CITOGLAS, China) by plasma treatment (HARRICK 
PLASMA, Ithaca, NY, USA) after standing for 12 h at the 
room temperature of around 23 °C. Figure 2 schematically 
shows the procedures for the fabrication of the PB-coated 
microchannel.

5 � Flow visualization

The electrokinetic flow in the straight channel was visu-
alized under a microscope (Ti-E, Nikon) by using 2 µm 
polystyrene particles (Fluka, Shanghai, China), as is sche-
matically shown in Fig. 3. To begin the measurement, the 

Cover a PDMS 
film

Coating a layer of 
PB

Remove the 
PDMS film

Bonding a glass 
slide

PB coating

PDMS film

Glass slide

Fig. 2   Schematic diagram of the procedure of selectively coating a 
layer of PB on a section of channel surfaces (not to scale)
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microchannel was primed first with phosphate-buffered 
saline (PBS) buffer solution. Then 20 µL particle solution 
was added into the inlet well. The liquid levels in the inlet 
and outlet wells were carefully balanced by observing that 
there is no particle movement in the microchannel under 
the microscope. Pt electrodes were inserted in the wells at 
the ends of the microchannel and an electrical field of 50 V/
cm was applied. In the meantime, the particle motion was 
recorded by the CCD camera (DS-Qi1Mc, Nikon) of the 
imaging system of the microscope.

To minimize the influence of static hydraulic pressure on 
the movement of the particles, two approaches were adopted. 
First, relatively larger wells were used to minimize the back 
pressure-driven flow against the electroosmotic flow. Sec-
ondly, only the particle movement during the first 10 s after 
applying the electrical field was recorded and used for ana-
lyzing the trajectories of the particles.

5.1 � Experimental results and comparison

Figures 4, 5 and 6 show the flow trajectories of the 2-µm 
tracing particles under different section length ratios (the 
length of the PB-modified channel section to the length 
of the unmodified channel section). The trajectories were 
obtained by superposing a series of consecutive images of 
the moving particles. As a comparison, the flow fields were 
also numerically simulated using the mathematical model 
described above.

Figure 4a shows the experimentally obtained flow field 
when the length ratio of the PB-modified section to the 
unmodified section is 2. It is clear from Fig. 4a that the flow 
from the unmodified channel will begin to flow towards the 
center of the PB-modified channel at the joint between the 
unmodified and PB-modified sections. This is much like a 
flow focusing effect. The experimental results agree well 

with the numerical prediction as seen in Fig. 4b which shows 
the flow field at the central height of the channel.

For the solution flow at the section of the PB-modified 
channel, the velocity of the flow around the central line is a 
little bigger than that near the PB-coated channel wall. This 
phenomenon is caused by the different electroosmotic flow 
velocity at the unmodified channel wall and the PB-modi-
fied channel wall. For the PDMS channel, its zeta potential 
is about − 60 mV (Liu et al. 2000b) when it is filled with 
PBS solution. For the PB-coated channel, however, its zeta 
potential is only about − 5 mV (Song et al. 2016a). There-
fore, the velocity of EOF flow, which is linearly proportional 
to the zeta potential of the channel surface, is larger in the 
unmodified channel than that in the PB-coated channel. In 
a steady-state flow, the flow rates in the two sections must 
be the same. Since the EOF flow at the PB-coated chan-
nel is smaller, the upstream faster flow is squeezed towards 
the center of the downstream channel. Consequently, the 
velocity profile in the PB-modified section is like that of 
a pressure-driven flow which is of parabolic, as is clearly 
shown in Fig. 4c.

When the section length ratio is increased to 4, two vorti-
ces were formed in the unmodified section, as is both experi-
mentally (Fig. 5a) and numerically (Fig. 5b) demonstrated. 
For Fig. 5a, it should be noted that, the vortices were indi-
cated by the particles appearing mainly in the unmodified 
section. This is because the velocity of the vortex flow is 
relatively small (shown in Fig. 5c) under the relative low 
electric field. Furthermore, only the flow near the unmodi-
fied PDMS channel wall can flow downstream. As a result, 
most of the particles flowing from the inlet well will be cir-
culated back by the vortex flow. From Fig. 5c, it can also be 
found that the velocity is almost zero at a distance that is 
18 µm away from channel wall (Point 1 and 2).

By continually increasing the section length ratio, e.g., to 
6, vortices will still be formed within the unmodified section 
of the channel, as is clearly shown in Fig. 6 a, b. The velocity 
of the vortices will also be increasing with the increase in the 
section length ratio. For example, the velocity is increased 
from zero (Point 1 and 2 in Fig. 5c) to be about 20 µm/s at 
a distance 18 µm away from channel wall (Point 1′ and 2′ 
in Fig. 6c) when the section length ratio is increased from 
4 to 6.

Based on the results shown in Figs. 4, 5 and 6, it is worth-
while to compare quantitatively the effect of the length ratio 
on the flow velocity. Clearly, with the increase of the length 
ratio, the vortices formed in the PB-unmodified section 
become more obvious; in other words, the flow velocity (in 
the opposite direction of the DC electric field) in the PB-
unmodified section increases. Accordingly, the flow veloc-
ity (in the same direction of the DC electric field) in the 
PB-modified section will decrease based on conservation 
of mass (constant flow rate along the channel at the steady 

Microchannel

Microscope

CCD

DC power supplier

Fig. 3   Experimental setup for flow visualization
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state). Hence, the average fluid velocity in the PB-modified 
section will decrease with the increase of the length ratio.

To better illustrate the effect of the length ratio (β) on 
the flow velocity in the microchannel, the flow velocities at 
the geometric center points of the PB-unmodified section 
and the PB-modified section under different length ratios are 
numerically analyzed and shown in Fig. 7. From Fig. 7, it 
can be clearly seen that with the increase of the length ratio, 
the flow velocity (in the opposite direction of the DC electric 
field) at the geometric center point of the PB-unmodified 
section increases due to the increase of the rotating veloc-
ity of the vortices formed in the PB-unmodified section. 
Accordingly, the flow velocity (in the same direction of 
the DC electric field) at the geometric center point of the 

PB-modified section will decrease based on conservation 
law of mass. Hence, it is not difficult to predict that the aver-
age fluid velocity in the PB-modified section and the cor-
responding flow rate in the microchannel will decrease with 
the increase of the length ratio.

6 � Vortex formation by numerical 
predictions

From the aspect of practical application, channels with dif-
ferent widths or zeta potentials (for the modified section) 
may be used. Thus, it is desirable to find the critical length 
ratio at which vortexes can be formed. Considering that the 

Fig. 4   Electroosmotic flow 
in a straight channel with 
the section length ratio (the 
PB-modified section to the 
unmodified section) of 2: a 
experimental observation; b 
numerical simulation result (at 
the central height); c flow veloc-
ity in the PB-modified section 
(ζglass = −22.7 mV, ζPB = −5 mV 
and ζPDMS = −60 mV)

(c)
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m
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)

Channel width (μm)
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(b)

Unmodified section PB modified section

PB modified sectionUnmodified section

30μm
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flow in the unmodified section along the central line at the 
middle channel height will be in the opposite direction of the 
electric field if the vortexes are formed, the critical length 
ratio (denoted by β0 as the section length ratio of the PB-
modified section to the unmodified section) is thus defined 
as the ratio at which the flow velocity at the central point of 
the unmodified section is zero. In this section, the effects of 
channel width and zeta potential on vortex formation were 
further investigated numerically.

6.1 � Effect of the channel width

Figure 8 shows the dependence of the critical section length 
ratio on channel width. It can be seen from Fig. 8 that the 

critical length ratio increases with the increase in channel 
width. This can be understood as follows. In essence, the 
vortex flow is formed due to the different EOF flows (dif-
ferences in either flow direction or velocity) in the two sec-
tions (unmodified section and PB-modified section). Specifi-
cally, the EOF generated at the PB-modified section is weak 
because of the small absolute value of the negative zeta 
potential. As a result, the PB-modified channel will impede 
the upstream EOF flow. In the extreme case, the fast moving 
upstream EOF collides with a “wall” of very slow moving 
liquid in the PB-modified section of the channel, forcing the 
upstream flow to move backwards from the channel center 
and forming the vortexes. The larger the impeding effect, 
the easier the vortex formation. On the other hand, as the 

Fig. 5   Electroosmotic flow 
in a straight channel with 
the section length ratio (the 
PB-modified section to the 
unmodified section) of 4: a 
experimental observation; b 
numerical simulation result (at 
the central height); c flow veloc-
ity in the unmodified section 
(ζglass = −22.7 mV, ζPB = −5 mV 
and ζPDMS = −60 mV) (a)

(b)

Unmodified section PB modified section

PB modified sectionUnmodified section

30μm

(c)
Channel width (μm)

1 2 
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channel width increases, the EOF generated from the chan-
nel wall will have a reduced effect on the flow field over the 
entire channel cross-section. The impeding effect exerted by 
the downstream flow will decrease when the channel width 
increases. Therefore, the critical length ratio increases with 
the increase in channel width.

6.2 � Effect of the zeta potential of the modified 
section

The zeta potential of the modified section will also influence 
the vortex formation and this effect is shown in Fig. 9. It is 
obvious that the critical section length ratio decreases with 

the decrease in the absolute value of the zeta potential of the 
modified channel.

As is mentioned in Sect. 5.1, the vortex is formed due 
to the unmatched EOF flows in the two sections. Gener-
ally speaking, vortex formation will become easier when 
the flow in the PB-modified section is slower. When the 
absolute value of the zeta potential of the PB-modified chan-
nel wall is decreased, the EOF velocity will become smaller. 
As a result, the velocity difference between the upstream 
flow (in the unmodified section) and downstream flow (in 
the PB-modified channel) is larger, which will result in a 
stronger impeding effect. Accordingly, the critical length 
ratio is smaller, as shown in Fig. 9.

Fig. 6   Electroosmotic flow 
in a straight channel with 
the section length ratio (the 
PB-modified section to the 
unmodified section) of 6: a 
experimental observation; b 
numerical simulation result (at 
the central height); c flow veloc-
ity in the unmodified section 
(ζglass = −22.7 mV, ζPB = −5 mV 
and ζPDMS = −60 mV)

(c)

Fl
ow

 v
el

oc
ity

 (μ
m

/s
)

Channel width (μm)

1’ 2’
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(b)

Unmodified section PB modified section

PB modified sectionUnmodified section

30μm
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Theoretically, the electric field strength does not affect 
the distribution of the flow field in the channel and it influ-
ences only the electroosmotic flow velocity in the channel. 
Thus, the size of the vortex formed in the channel, also the 
so-called ‘threshold length ratio’, is not affected by the DC 
electric field strength. It should be noted, however, that the 
critical section length ratios obtained by numerical simula-
tions (shown in Figs. 8, 9) are smaller in comparison with 
those obtained through experiments. The reason is that 
while vortex will be formed when the length ratio exceeds 
the critical ratio theoretically, the vortex will be very weak 

due to the very low EOF flow velocity and therefore can 
hardly be experimentally observed. The influence of the 
electric field strength on the flow velocity and also the 
moving velocity of the tracing particles used for vortex 
visualization are difficult to be evaluated quantitatively, 
because such an evaluation is affected by the resolution 
of the microscope, the sizes and types of the particles, 
and the accurate zeta potential values. To observe vortices 
under microscope with tracing particles, the length ratio 
should be larger than that numerically obtained.

7 � Summary

Vortex formation in electroosmotic flow in a straight chan-
nel with zeta potentials of two different values but the 
same polarity was investigated. The numerical results 
show that for the 5% PB-modified channel, a vortex will be 
formed when the length ratio of the modified section to the 
unmodified section was larger than 4. The critical section 
length ratio decreases with the decrease in the absolute 
value of the zeta potential of the PB-modified section and 
increases with the increased channel width. The results 
presented in this paper provide improved understanding 
on vortex formation in a straight channel which is partially 
modified with PB.
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Fig. 7   Effect of the length ratio (β) on the flow velocities at the geo-
metric center points of PB-unmodified section and PB-modified 
section under the conditions of E = 50  V/cm, ζglass = − 22.7  mV, 
ζPDMS = − 60  mV, ζPB = − 5  mV. The negative sign means the liquid 
flows in the opposite direction of the DC electric field

Fig. 8   Dependence of the critical length ratio (β0) on the channel 
width (W) under the conditions of E = 50  V/cm, ζglass = − 22.7  mV, 
ζPDMS = − 60 mV, ζPB = − 5 mV

Fig. 9   Dependence of the critical length ratio (β0) on the zeta poten-
tial of the PB-modified channel wall (ζPB) under the conditions of 
E = 50 V/cm, ζglass = − 22.7 mV, ζPDMS = − 60 mV, W = 70 µm
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