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ABSTRACT Sample concentration is extremely important in microfluidic detection systems, especially
for the detection of trace substance. Among various sample concentration techniques used in microfluidic
devices, direct electrokinetic trapping is more convenient and easier to realize. In this paper, a T-shaped
microchannel configuration was developed to achieve electrokinetic concentration. Numerical simulation
analysis on two-dimensional (2D) configuration model were performed. The microfluidic configuration
for DNA enrichment was firstly optimized by analyzing various field distributions. Then, the influence of
selected dimension and electrical parameters on enrichment rate was analyzed, including size of the transition
chamber and enrichment chamber, distance between the inlet branches, length of the inlet vertical branches,
size of the electrode and the electric field intensity. With optimized parameters, our model is able to achieve
an optimal enrichment rate of 234.2 at an applied voltage of 20 V within a period of 1200s. Our method
provides a valuable guidance for the design of an easy-controlled microfluidic system of precise enrichment
capability.

INDEX TERMS Sample concentration, electrokinetic concentration, electroosmotic flow, electroosmotic
induced pressure flow, enrichment.

I. INTRODUCTION
Microfluidics has been increasingly used in various detection
systems since its development in the 1980s, including disease
diagnosis [1]–[3], drug analysis [4], [5], food safety [6], [7],
environment monitoring [8], [9], and many others [10]–[12].
Microfluidic technology has many advantages over tradi-
tional detection methods such as simple operation, low cost,
small volume and small reagent consumption. In a microflu-
idic device, the amount of the substance to be tested directly
affects the detection accuracy and sensitivity, especially in
the detection of dilute substances. For example, the recently
reported presence of microplastics and nanoplastics in human
body, the presence of certain allergens in food, the very small
amount of tumor cells in the early stage of cancer, all require
urgent sample pretreatment to reach the detection limit of tar-
get components. Sample concentration is one of the common
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and important pretreatment methods, which aims to realize
the accurate detection of trace substances. Some of sample
concentration methods in microfluidic devices had been sum-
marized in previous literatures [13]–[15]. Those methods can
be classified into the following categories. Stacking method,
including sweeping [16]–[19], field amplified sample stack-
ing (FASS) [20]–[23] and isotachophoresis (ITP) [24]–[27],
is based on a sudden change of the electrophoretic veloc-
ity of analyte caused by different electric field intensity.
Focusing method is on the basis of field gradient equilibrium
and accomplished by creating corresponding gradient field,
such as isoelectric focusing (IEF) [28]–[30], electric field
gradient focusing (EFGF) [31]–[33], temperature gradient
focusing (TGF) [34]–[37] and ion concentration polarization
focusing (ICP) [38]–[41]. In addition to above mentioned
methods, some other trapping mechanisms are also reported
including dielectrophoretic trapping (DEPT) [42]–[44],
immunocapture-based trapping (ICBT) [45], [46], magnetic
beads assisted concentration [47] and static concentration
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methods based on special configurations [48] or filtering
membranes [49].

Microfluidic concentration based on electric field effect
has been developed rapidly in recent years as the electric
field theory was fully developed and it is easy to be inte-
grated into the microfluidic chip. As mentioned above, ICP
which utilizes the ion selective membranes or microchannel-
nanochannel junctions for concentrating has drawn wide
attention due to its high enrichment efficiency. To date,
however, the research of this area has mainly focused on
the elaboration of the mechanism and the exploration of
the factors influencing the efficiency of ion enrichment by
numerical studies. For example, Jia and Kim [50] estab-
lished a 2-D model and performed a numerical analysis on
the ICP phenomena, in which they revealed the factors that
affected the concentration enrichment rate and provided good
guidelines to make use of ICP to achieve more effective
preconcentration. Similarly, Gong et al. [51] also carried out
a 2D numerical analysis for Li+ preconcentration from high
Mg2+/Li+ ratio brines based on ICP. The results presented
the effect of the external pressure and cross-membrane volt-
ages on the properties of Li+ through nanometer membrane.
Although this method made some progress in practical appli-
cations, the limited flux velocity and complex fabrication of
the nanometer across-chamber become the bottleneck for its
further development.

Comparatively, direct electrokinetic trapping is more con-
venient and easier to be applied in microfluidic devices.
The research group of Dongqing Li studied the mechanism
of direct electrokinetics using voltage-bearing electrodes to
enrich trace substances in sample solution [52], [53]. In 2010,
Daghighi and Li [52] made a numerical study of elec-
trokinetic concentration of DNA molecules in a closed-end
microchannel. They analyzed the influencing factors of the
electrokinetic-concentration process in a straight channel,
including the channel dimensions, electrode size, applied
electric field and so on. Later, Jiang et al. [53] experimen-
tally validated the model in a microfluidic device to con-
centrate DNA molecules. The experimental results highly
agreed with the numerical simulation, which well verified
the effectiveness of this enrichment method. However, in the
above enrichment systems, the enrichment and fluid driving
modules were two independent parts, hence two separate
sets of incentives were required. With the increasing demand
of point-of-care testing, portable devices are expected to
achieve the most comprehensive functions with the sim-
plest configuration. In our previous study [54], we found
an interesting phenomenon of particles blocking under an
electroosmotic induced pressure-driven flow in a T-shaped
microchannel. In this study, we expected to explore the mech-
anism behind this blocking phenomenon and put it into the
practice of sample enrichment, so as to realize both func-
tions of the sample solution driving and the substance con-
centration within a simple microfluidic chip. Based on our
previous study, a novel theoretical model of the electrokineti-
cally driven concentration process in a T-shaped microfluidic

channel was developed. Numerical simulation was conducted
by using software COMSOL. The flow field and coupled
time-dependent concentration field in such microchannel
were numerically studied. In this system, the combined
effects of the electrokinetically-induced pressure-driven flow
and the electrostatic force determine the final concentration
field of the sample molecules. The influences of a number of
parameters such as chamber dimensions, electrode size and
the applied electric field were investigated in this study.

FIGURE 1. (a) Schematic diagram of driving and concentrating
mechanism in a T-shaped microfluidic chip. (b) Simulation model of the
T-shaped microfluidic chip.

II. PRINCIPLE AND SIMULATION MODEL
Fig. 1 (a) schematically illustrates the driving and concen-
trating mechanism of the developed microfluidic chip. The
network consists of a sample reservoir, two waste reser-
voirs and a T-shaped channel. Three electrodes are placed
at the waste reservoirs (electrode A and B) and middle of
the horizontal microchannel (electrode O) to provide electric
fields, respectively. Initially, three reservoirs are filled with
buffer electrolytes at the same level. Voltages are then applied
as shown Fig. 1 (a), to generate two streams of electroos-
motic flow (EOF) from electrode O to electrode A and B,
resulting in a strong negative pressure near the electrode O.
Consequently, the solution in the sample reservoir will be
inhaled towards the electrode O, and then flow into the waste
reservoirs by EOFs. If charged substances present in the
sample solution and the valence charge of which is opposite
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to the polarity of electrode O, they will be accumulated in
a certain range near electrode O due to the greater electro-
static force between the charged substances and electrode O
compared with the electroosmotic drag force. In the previous
studies [54] , we have successfully validated the feasibility
of a microfluidic network to achieve electroosmotic induced
pressure flow and accidentally found the blocking of particles
at electrode O. In this study, we aimed to investigate the DNA
molecules enrichment capability on the electrokinetically
controlled T-shaped microfluidic chip by skillfully using the
blocking phenomenon. According to the above principle, a
numerical model (left-right symmetric) as shown in Fig. 1 (b)
was established. L1, L2, W1 and W2 are the length and width
of the vertical inlet channel and the horizontal outlet channel,
respectively. It is worth noting that, in the model analysis,
all the reservoirs were ignored to simplify the calculation as
their dimensions are much larger than those of the channels
thus the influence on the fluid is little.

In the preliminary simulation, it was found that the enrich-
ment effect generated by the configuration in Fig. 1 was
not sufficient. This is because that the enrichment area near
the electrode O is an open area. Thus, although the charged
substances can be accumulated near the electrode O due to
the negative pressure and the electrostatic force, they would
be still easy to be carried away by the drag force of the
electroosmosis. Consequently, only the charged substances
closed to the electrode O can be concentrated. To improve the
enrichment efficiency, we established a novel configuration
as shown in Fig. 2 (a) and (b). Compared to that in Fig. 1,
the enrichment chamber and the transition chamber are added
in both Fig. 2 (a) and (b) to trap the charged substances.
In the enrichment chamber, strong negative pressure will
suck the solution from the sample reservoir continuously. The
charged substances flow into the enrichment chamber with
the solution stream and then gather near the electrode O.
Obviously, there are three streams flowing in the transition
chamber. The main stream is the pressure-driven flow caused
by the pressure difference between the inlet and the electrode
O, occupying the middle part of transition chamber. Two
side streams are the electroosmotic flows along the walls
of the transition chamber generated by the electric fields.
The direction of the side streams are opposite to that of the
main stream. Some of the charged substances will flow out
of the enrichment chamber with the side streams, however,
the main stream may prevent the outflow of the charged sub-
stances like a ‘gate’. Consequently, more and more charged
substances will be trapped in the enrichment chamber. Over
time, the inflow and outflow of the charged substances will
reach an equilibrium. In order to further improve the enrich-
ment effect, we established another configuration as shown
in Fig. 2 (c) and (d). Compared with Fig. 2 (a) and (b),
it has two more branch channels. The length and width of the
vertical and horizontal channels are also symbolled with L1,
L2, W1 and W2, respectively. While the length and the width
of the transition chamber and enrichment chamber are labeled
with L3, L4, W3 and W4, respectively. The length and the

FIGURE 2. Schematic and channel partition diagram of the two improved
configuration. (a) and (b) The configuration with the transition chamber
and enrichment chamber. (c) and (d) The configuration with the transition
chamber, enrichment chamber and two branch channels.

width of the horizontal and vertical branches are labelled with
L5, W5, L6 andW6, respectively. The added branch channels
can also generate the convective flow in the horizontal chan-
nel to form the second ‘gate’ to prevent the outflow of the
charged substances. In this study, the change of velocity in
z-direction is very small [55] and thus the two-dimensional
(2D) model is sufficient to obtain a qualitative analysis of
the influence of various parameters on the enrichment effect,
we only considered the 2D model to perform the numerical
analysis.

III. GOVERNING EQUATIONS AND NUMERICAL METHOD
A. GOVERNING EQUATIONS
Three governing equations are applied in the simulation mod-
els. Poisson equation is used to describe the electric field
applied to the channel. Navier-Stokes equation is used to
describe the incompressible laminar flow. AndNernst-Planck
equation is used to describe the ions and molecules transport.

The static electric field can be interpreted in terms of
Poisson equation as follows:

−∇ · (σ∇V − Je) = 0 (1)

where σ is the electrical conductivity, V is the electric poten-
tial, Je is an externally generated current density. All the walls
of the microchannel are insulated. And VOA has the same
value as VOB.
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The flow field can be presented by the continuity equation
and the vector equation as follows. They represent the conser-
vation of mass and conservation of momentum respectively.

ρ(u · ∇)u = ∇ · [-pI+µ(∇u+ (∇u)T )]+ F (2)

ρ∇ · (u) = 0 (3)

S = 1/
2(∇u+ (∇u)T ) (4)

where ρ is the density of the fluid, u is the velocity vector,
p is pressure, I is the unit vector, µ is the dynamic viscosity,
F is the volume force vector (can be ignored in this model),
S is the strain-rate tensor. The velocity u can be used to
illustrate the electroosmotic effect and obtained by following
equations:

u = µeoE (5)

µeo = −
εrε0ζ

µ
(6)

E = −∇V (7)

where ε0 is the permittivity of vacuum, εr is the relative
permittivity of the fluid, ζ is the zeta potential, µ is the
dynamic viscosity coefficient of the fluid.

The ionic species transport can be described by the follow-
ing mass balance equations:

∇(−Di∇ci − zium,iFci∇V )+ u · ∇ci = Ri (8)

um,i = Di
/
RiT (9)

where Di is the diffusion coefficient of species, ci is the
concentration of species, zi is the charge number of species,
um,i is the mobility of species, F is the Faraday’s constant,
u denotes the fluid net velocity, Ri is the molar gas constant
and T is the temperature. The sample solution flows into the
T-shaped channel from the bottom, and an initial concen-
tration of charged ions in the solution is given to solve the
equation.

TABLE 1. Basic parameters used in the numerical simulation analysis.

B. NUMERICAL ANALYSIS
The numerical analysis was conducted by the software COM-
SOL 5.4. The 2D model is shown in Fig. 2. In order to ensure
the accuracy of the computation, quadratic elements were
used to discretize the solution domain. The basic parameters
used in the simulation are summarized in Table 1.

IV. RESULTS AND DISCUSSION
For many biomedical applications, pre-concentration of sam-
ple molecules in a dilute solution is crucial, such as pre-
concentration of viruses or DNA molecules. To obtain high
efficiency of reaction or low limit of detection, concentration
of sample molecules on a microfluidic device is critical.
Therefore, our study aims to develop a method to concentrate
DNAmolecules in a dilute sample solution. In all simulations,
the length (L1) and width (W1) of the inlet channel were fixed
at 4 mm and 50 µm, respectively. While the length (L2) and
width (W2) of the outlet channel were fixed at 8 mm and
25 µm, respectively. In Fig. 2 (c), the width of the horizontal
(W5) and vertical (W6) branches were fixed at 25µm, respec-
tively. We defined them as invariants in all the simulations.
The free solution mobility of DNA in a commonly used
buffer, DI water, was used here. As presented in Table 1,
single-standard DNA is chosen. The diffusion coefficient of
DNA molecules is 1 × 10−10 m2/s. The initial concentration
in Inlet at t = 0 s was set to 1.52 × 10−7 mol/m3.

FIGURE 3. Simulation results of initial T-shaped configuration without
any auxiliary channels. (a) and (b) The distribution of current density.
(c) The distribution of flow velocity. (d) The distribution of concentration
field. In this case, the voltages at electrode O, A and B were set to 0 V, 40V
and 40V, respectively.

A. THE CONCENTRATION EFFECTS OF MICROFLUIDIC
CHIP CONFIGURATIONS
In Fig. 1, when voltages at electrode O, A and B (as shown in
bold purple line) were set to 0 V, 40V and 40V, respectively,
the T-shaped microchannel without any auxiliary chambers
presented very limited enrichment effect as shown in Fig. 3.
It can be seen that the current density in Fig. 3 (a) and (b)
gradually increases from the central area of the electrode O
to both ends, and then becomes uniform towards the outlet
channel. As seen from the velocity field in Fig. 3 (c), the fluid
flows out of the inlet reservoir and evenly discharges to
both ends of the microchannel A-B. Fig. 3 (d) illustrates the
steady-state concentration field in the microchannel for the
concentrating process. It is observed that two strong ‘‘adsorp-
tion areas’’ forming at both ends of the electrode O due
to non-uniform electric field, and then uniformly distributes
along the microchannel to the outlet. The reason for this is
that the concentrated DNAmolecules are carried away by the
drag force of the electroosmosis. The simulation results show
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that this configuration is not an ideal model for concentrating
DNA molecules because the drag force of the electroosmosis
is much greater than the electrostatic attraction force in most
areas closed to the electrode O.

FIGURE 4. Simulation results of the improved configuration without the
branch microchannels. (a) The distribution of current density. (b) The
distribution of flow velocity. In this case, the voltages at electrode O,
A and B are set to 0 V, 40V and 40V, respectively. The length (L3) and
width (W3) of the transition chamber are 50 µm and 50 µm, respectively.
The length (L4) and width (W4) of the enrichment chamber are 300 µm
and 20 µm, respectively.

If the drag force of electroosmosis on the DNA molecules
can be reduced as much as possible, the electrostatic attrac-
tion force will become dominated. The DNA molecules can
be easily accumulated near the electrode O, resulting in dra-
matically increase enrichment rate. Based on this hypothe-
sis, two improved configurations were designed as shown
in Fig. 2. Fig. 4 represents the distributions of the current
density and the flow field in the microchannels, respectively.
As we mentioned above, three streams flow in the transi-
tion chamber. On one hand, the main stream caused by the
pressure difference occupies the large area of the transi-
tion chamber, which continuously carries a large number of
DNA molecules into the enrichment chamber and prevents
the DNA molecules from escaping the enrichment chamber.
On the other hand, the velocity of the flow decreases greatly
in the enrichment chamber, which contributes to the concen-
tration of the DNA molecules. The current density and the
flow field analysis of the configuration in Fig. 2 (c) are shown
in Fig. 5. As seen in Fig. 5 (a) and (b), the branch channels
can generate convective flow in the horizontal channel. Sim-
ilar to the streams in the transition chamber, the convective
flow takes a step further in blocking the outflow of DNA
molecules.

In this case, the voltages at electrode O, A and B were
set to 0 V, 40V and 40V, respectively. The length (L3) and
width (W3) of the transition chamber are 50 µm and 50 µm,
respectively. The length (L4) and width (W4) of the enrich-
ment chamber are 300 µm and 20 µm, respectively. The
length of the horizontal (L5) and vertical (L6) branches are
300 µm and 200 µm, respectively.
Fig. 6 (a) and (b) present the concentration process as

a function of time for the two improved configurations.
At t = 0 s, the blue color indicates that the solution has no

FIGURE 5. Improved configuration with branch microchannels. (a) The
distribution of current density. (b) The distribution of flow velocity.

FIGURE 6. The examples of concentration process of DNA molecules as a
function of time for the two improved configurations. (a) The improved
configuration without the branch microchannels. (b) The improved
configuration with the branch microchannels.

sample molecules. The eight diagrams show the concentra-
tion process with the time. Firstly, the sample molecules
migrate from the Inlet to the electrode O region. Then,
the sample molecules are accumulated near the region of
electrode O gradually, as indicated by the increasing area
of concentration and the change in color scale from the
initial blue color to red finally. It should be noted that the
solution with the DNA molecules continuously flows into
the enrichment chamber. Hence the blue color presents in the
center of the enrichment chamber all the time. According to
the flow field in the enrichment chamber, the velocity of the
sample solution reduces greatly from the center region of the
electrode O to the both ends. Therefore, with the time goes by,
the DNA molecules diffuse to the both ends from the center
to form the concentration region.

VOLUME 8, 2020 5605



Y. Gong et al.: Numerical Studies of Electrokinetically Controlled Concentration of Diluted DNA Molecules

TABLE 2. The comparison of enrichment rate between the two
configurations.

The enrichment process of the two improved microchan-
nel configurations is similar, however, the enrichment rate
(defined as the ratio between the average concentration of the
enrichment chamber and the initial concentration of the Inlet)
is obviously different. In order to determine the efficiency
of the concentration process, the average concentration of
the sample molecules was calculated for the enrichment
chamber at different times. Table 2 shows a comparison of
the enrichment efficiency between two improved configu-
rations within 180s under the same conditions. In Table 2,
c1(t) and c2(t) represent the average concentration of DNA
molecules in the enrichment chamber for the two improved
configurations, respectively. c0 denotes the initial concentra-
tion of DNA molecules. It can be seen that the enrichment
rate of the configuration with branch microchannels is about
4.5-fold higher than that of the configuration without branch
microchannels at t = 180 s.

B. EFFECTS OF VARIO◦ 76US PARAMETERS
Since the enrichment efficiency of the configuration with
branch microchannels is much better, a further investigation
of optimal parameters was carried out on this configura-
tion, including the dimensions of the transition chamber,
the enrichment chamber, and the branch microchannels,
as well as the electric field intensity.

1) THE SIZE EFFECT OF THE TRANSITION CHAMBER
As we mentioned above, the transition chamber is the ‘first
gate’ to control the flow of the sample solution. Therefore,
the size of transition chamber may affect the enrichment effi-
ciency significantly. Fig. 7 shows the effect of the width (W3)
and length (L3) of the transition chamber on the concen-
tration process. For better comparison, all parameters used
in Fig. 5 were kept fixed except for the size of transition
chamber. In this case, the voltages at electrode O, A and
B were set to 0 V, 40V and 40V, respectively. As shown
in Fig. 7 (a), the enrichment rate is inversely proportional to
the width of the transition chamber. Fig. 7 (b) shows that the
enrichment rate increases as the length of transition chamber.
Since reducing the width or increasing the length of the
transitionmay increase the fluid resistance, it has a big impact
on the outflow of the sample solution. These two cases show
that a narrower and longer transition chamber has the better
enrichment efficiency within the same time period.

2) THE SIZE EFFECT OF THE ENRICHMENT CHAMBER
Figures that are composed of only black lines and shapes.
These figures should have no shades or half-tones of gray,
only black and white.

FIGURE 7. The size effect of the transition chamber for concentrating DNA
molecules. (a) Curves of the enrichment rate over time by changing the
width. (b) Curves of the enrichment rate over time by changing the length.

The enrichment efficiency is directly affected by the
change of the size of the enrichment chamber. Theoretically,
the larger the enrichment chamber is, the lower the average
concentration will be under the same condition. In other
words, the larger the enrichment chamber is, the longer time
will be required to obtain the same enrichment rate. For
comparison, all parameters used in Fig. 5 were fixed except
for the size of enrichment chamber. In this case, the voltages
at electrode O, A and B were set to 0 V, 40V and 40V,
respectively. The size effect of the enrichment chamber on
the concentration process is plotted in Fig. 8. As can be
seen in Fig. 8 (a), increasing the length of the enrichment
chamber may decrease the enrichment rate. However, when
the time is long enough, i. e. 1200 s, the enrichment rate
tends to be closed of different length of the enrichment cham-
ber. Fig. 8 (b) shows the enrichment rate of the different
width of the enrichment chamber over time. It is seen that
the enrichment rate is inversely proportional to the width
of the enrichment chamber. If the width of the enrichment
chamber decreases, the enrichment rate increases greatly. The
reduction of the area of the enrichment chamber enhances the
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FIGURE 8. The size effect of enrichment chamber for concentrating DNA
molecules. (a) Curves of the enrichment rate over time by changing the
width. (b) Curves of the enrichment rate over time by changing the length.

adsorption ability to DNA molecules by electrostatic force,
therefore, a small size of the enrichment chamber can reach
the given concentration faster in the same time period.

3) EFFECT OF THE LENGTH OF THE BRANCH CHANNELS
The main difference between the two improved configura-
tions is the branch channels. As mentioned above, the branch
channels is the ‘second gate’ to control the flow of the sample
solution. The branch channels may significantly affect the
outflow of the sample solution by increasing the resistance of
fluid and weakening the drag force of electroosmosis, result-
ing in enhancing the enrichment efficiency. In this simulation,
wemainly studied the influence of the length of the horizontal
branch for the concentration process. All parameters used
in Fig. 5 were fixed except for the size of branch channels.
In this case, the voltages at electrode O, A and B were set to
0 V, 40V and 40V, respectively. The relationship between the
enrichment rate and time under different lengths are shown
in Fig. 9. It is seen that the enrichment rate increases with the
increase of the length of the horizontal branch. Obviously,
the increase of the length of the horizontal branch helps to

FIGURE 9. The size effect of branch channels for concentrating DNA
molecules. Curves of the enrichment rate over time by changing the
length.

FIGURE 10. The size effect of electrode for concentrating DNA molecules.
(a) Curves of the enrichment rate over time by changing the length of the
electrode. (b) Curve of the enrichment rate for the different length of
electrode O at t = 300 s.

increase the enrichment rate. The reason for this is that the
longer length of the horizontal branch enhances the resistance
of fluid. However, this is not a linear relationship.

4) EFFECT OF THE ELECTRODE SIZE
The influence of the electrode size on the enrichment rate
was studied by changing the length of the electrode O,
as shown in Fig. 10. In this simulation, all parameters used
in Fig. 5 were fixed. The voltages at electrode O, A and B
were set to 0 V, 40V and 40V, respectively. As shown in
Fig. 10 (a), the longer electrode can adsorb more DNA
molecules and hence the enrichment rate increases. As seen

VOLUME 8, 2020 5607



Y. Gong et al.: Numerical Studies of Electrokinetically Controlled Concentration of Diluted DNA Molecules

FIGURE 11. (a) Curves of the enrichment rate over time by changing the
electric field intensity. (b) The relationship between the enrichment rate
and applied voltages at t = 1200 s.

clearly in Fig. 10 (b), the dependence of the concentration rate
is not a linear function of the electrode size. Once the length
of electrode is longer than 250 µm, the concentration rate
becomes constant. In the 2D model, electrode O forms the
wall of the enrichment chamber. According to the previous
analysis shown in Fig. 5, the current density and flow velocity
decrease from themiddle region of the enrichment chamber to
both ends rapidly. Therefore, when the length of electrode O
reaches a certain value, its effect on enrichment rate becomes
very weak.

5) EFFECT OF ELECTRIC FIELD INTENSITY
The applied electric field has at least two effects on the
concentration process. It drives the negatively charged sample
molecules to move to the enrichment chamber and creates the
electrostatic force to adsorb the negatively charged sample
molecules. The change of the electric field intensity will
undoubtedly affect the enrichment effect. In this simulation,
all parameters used in Fig. 5 were fixed. The voltages at elec-
trode O, A and B were set to 0 V, VOA and VOB, respectively.
The effect of the electrical field on the concentration pro-

cess is plotted in Fig. 11 (a). At the beginning (shown in blue
dash line), the enrichment rate increases with the increase of

the electrical field intensity for the same concentration time.
However, after about 215 s, the enrichment rate gradually
becomes equilibrium over time. If the applied voltage is large,
i.e. 40 V ∼ 80 V, the enrichment rate is not a linear function
of the electrical field intensity. The large applied voltage
can generate strong electroosmotic flow, which can quickly
bring out the samplemolecules from the enrichment chamber.
Over time, the inflow and outflow of the sample molecules
will achieve a balance point and the enrichment rate will not
increase anymore. Therefore, the large applied voltage may
fail to generate the good enrichment effect. Fig. 11 (b) shows
that when the applied voltage is 20 V, the enrichment rate can
reach 145.7 at t= 1200 s. However, when the applied voltage
is 80 V, the enrichment rate is only about 45 at t = 1200 s.

V. CONCLUSION
A T-shaped microfluidic chip model for the enrichment of
DNA molecules was established and numerically analyzed.
A variety of factors such as the dimensions of the transition
chamber, the enrichment chamber, and the branchmicrochan-
nels, as well as the electric field intensity were investigated to
evaluate their influence on the enrichment effect. The simula-
tion results show that high concentration of DNA molecules
was obtained by the optimal configuration of the microfluidic
channels and the electric field intensity. For instance, when
taking the microchannel sizes of 25 µm (W3), 75 µm (L3),
20 µm (W4), 300 µm (L4), 200 µm (W5), of 500 µm (L5),
and the length of electrodeO of 300µm, an enrichment rate of
234.2 at t = 1200s can be obtained when the applied voltage
is 20 V. The numerical analysis of the developed T-shaped
microfluidic model provides a good guidance for the design
of the microfluidic enrichment chip. The proposed method
does not require any complex structure and AC field and may
lead to develop a simple and practical microfluidic chip for
sample concentration in dilute solutions.
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