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ABSTRACT 
Microfluidic concentration is achieved by utilizing Joule 

heating effect induced temperature gradient focusing (TGF) 
under a combined AC and DC electric field imposed in a 
straight microchannel with sudden expansion in cross-section.  
The introduction of AC electric field component services dual 
functions: one is to produce Joule heating effects for generating 
temperature gradient, and the other is to suppress 
electroosmotic flow with high frequencies. Therefore, the 
required DC voltage for achieving sample concentration with 
Joule heating induced TGF technique is remarkably reduced. 
The lower DC voltage can lead to smaller electroosmotic flow 
(EOF), thereby reducing the backpressure effect due to the 
finite reservoir size. It was demonstrated that using the 
proposed new TGF technique with Joule heating effect under a 
combined AC and DC field, more than 2500-fold concentration 
enhancement was obtained within 14 minutes in a 
PDMS/PDMS microdevice, which is an order of magnitude 
higher than the literature reported concentration enhancement 
achieved by microfluidic devices utilizing the Joule heating 
induced TGF technique. 

 
KEYWORDS: Joule heating, temperature gradient focusing, 
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NOMENCLATURE 
C concentration of the sample solutes [M] 
cp specific heat capacity [Jkg-1K-1] 
D mass diffusion coefficient of the solutes [m2s-1] 
E  strength of the applied electric field [Vm-1] 
Jo Joule number, 2

0/ ( )refL E E k T Tλ ⎡ ⎤⋅ −⎣ ⎦  

k thermal conductivity [Wm-1K-1] 
p hydrodynamic pressure [Nm-2] 
Pr Prandtl number 

Re Reynolds number 
Sc Schmit number 
t   time [ s ] 
T temperature [K] 
u   bulk fluid velocity [ms-1] 

sU   Smoluchowski velocity [ms-1] 

epu   electrophoretic velocity [ms-1] 

V voltage [V] 
Greek symbols 

EPμ   electrophoretic mobility [m2V-1s-1] 

0ε   dielectric constant of vacuum [Fm-1] 

mε   dielectric constant of electrolyte solution [Fm-1] 

λ   electrical conductivity of electrolyte solution [Sm-1] 
ρ  density of electrolyte solution [kgm-3] 

eρ   net charge density of electrolyte solution [Cm-2] 

φ   electric potential [V] 
η   dynamic viscosity of electrolyte solution [Nsm-2] 

wζ   zeta potential of the channel wall [V] 
Subscribt 
ref reference parameters 
 
1. INTRODUCTION 

Nowadays, microfluidics has attracted lots of attentions 
due to its promising applications in biotechnology, medicine, 
and chemistry [1-3]. Concentration of samples is a significant 
challenge in the design and operation of microfluidic chemical 
or biochemical devices, because the concentration of original 
samples is often too dilute for adequate detection. Furthermore, 
in microfluidic channels, the amount of sample volumes 
handled is very small and the detection length is very short, 
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which already push the detection technology to its limit [4]. 
Hence, it will be advantageous to preconcentrate analytes 
before detection or further manipulation. 

Several techniques have been developed for 
preconcentration of sample analytes. One group of 
concentration techniques termed as the stacking methods is 
based on a difference in analytes velocity within two different 
buffer regions, when the analytes migrate from a faster velocity 
zone into a slower velocity zone so that analytes are 
concentrated. The stacking methods include the field amplified 
sample stacking method [5][6], the sweeping method [7][8] and 
the isotachophoresis [9][10]. However, in sample stacking 
process, the concentration enhancement is limited by the 
magnitude of analyte velocity change ratio [11]. Another group 
of analyte concentration methods is termed as field gradient 
focusing methods, including the isoelectric focusing (IEF) [12-
14], the electric field gradient focusing (EFGF) [15-17] and the 
temperature gradient focusing (TGF) [18-25]. For the field 
gradient focusing methods, analytes are focused at a unique 
equilibrium point where their net velocity is zero. The 
concentration enhancement in focusing techniques is 
determined by the rate at which analytes are transported to the 
focusing zone and the duration of the application of the 
focusing field, allowing for high resolution and sensitivity. 

TGF is a newly developed field gradient focusing method 
based on which the concentration of sample analytes is 
achieved by balancing the electrophoretic motion of analytes 
against the bulk flow of buffer solution. The technique is 
demonstrated for a variety of analytes, including fluorescent 
dyes, amino acids, DNA, proteins, and particles (polystyrene) 
[18]. The possibly achieved high concentration and required 
relatively short channels (e.g., 4mm) make TGF well suitable 
for development of integrated microfluidic systems, with 
promising in combination with other concentration and 
separation techniques, such as the micellar affinity gradient 
focusing (MAGF) [19], the field-amplified continuous sample 
injection (FACSI) [20] etc. Applications in DNA hybridization 
[21] and chiral separations [22] have also been demonstrated. 
Effect of finite sample was presented by Lin et al [23] to 
address the nonlinear sample-buffer interactions in TGF. Huber 
and Santiago [24, 25] developed a 1-D model of dispersion in 
TGF with experimental demonstration. 

In TGF, the required temperature gradient can be induced 
either by external heating/cooling equipment or by inherent 
Joule heating resulted from applied electric field [26-28]. There 
are several advantages of using Joule heating to induce the 
temperature gradient in TGF compared with using external 
heating/cooling equipment. It consumes less power. The 
electric field used for generating Joule heat can also be used to 
drive the flow, which makes the design simple. Importantly, the 
device is more portable without need of bulky external heating 
units. 

A thorough study of TGF with Joule heating achieved in a 
microchannel under a sole DC voltage was detailed previously 
[29]. The effects of applied voltage, buffer concentration and 

channel width ratio were investigated and summarized by using 
a dimensionless Joule number. Though the achieved 
concentration enhancement of 450-fold within 75 s is better 
than previous Joule heating based TGF, it is still not high 
enough compared with thousands-fold concentration in some 
other concentration techniques. This letter reports a novel 
technique of utilizing a combined AC and DC electric field to 
produce a temperature gradient through inherent Joule heating 
and to manipulate the EOF and analyte motion in TGF 
technique. The advantage of using a combined AC and DC 
electric field is that the AC electric field with a high frequency 
allows suppressing the EOF while it contributes to producing a 
Joule heating induced temperature gradient. Hence, the 
required high DC voltage can be greatly reduced, which in turn 
can result in smaller EOF and thus less backpressure effect. 
Therefore, the concentration enhancement can be significantly 
improved.  The proposed technique utilizing a combined AC 
and DC field can lead to a concentration factor higher than 
2500-fold which is almost an order of magnitude higher than 
the literature reported concentration factors achieved in 
microfluidic devices using the Joule heating effect induced 
TGF technique [18][26][29]. 

 
2. THEORY 

In this study, a combined AC and DC electric field was 
applied to a microchannel instead of using a sole DC electric 
field as usually reported in other studies for concentration of 
sample solutes through the TGF technique with Joule heating 
effects. The microchannel with a step change in cross-section is 
designed to achieve TGF with Joule heating effects, as shown 
in Fig. 1. The model development should include governing 
equations for the electric potential profiles, bulk flow field, 
temperature field and sample concentration distributions. 
According to our previous study [29], the characteristic time 
scales of the N-S equation 3(10 )V Oτ −∼ and the energy 
equation 2(10 )T Oτ −∼ are about four orders smaller than that 
of the mass transport equation 2(10 )C Oτ ∼ . When the applied 
AC electric field has a high frequency of 10 kHz, the time 
period 4(10 )AC Oτ −∼ is much smaller than Cτ . Therefore, the 
transient concentration field can be solved after we obtain the 
steady-state electric field, velocity field and temperature field. 
2.1 Applied electric field  

The time averaged applied electric potential is governed by 
the Laplace equation which is written as 

( ) 0Tλ φ∇⋅ ∇ =⎡ ⎤⎣ ⎦    (1) 
As given by Weast et al. [30], the electrical conductivity ( )Tλ  
can be expressed as 

( ) ( )0 01 0.02T T Tλ λ= + −⎡ ⎤⎣ ⎦   (2) 
where 

0λ  is the conductivity of the electrolyte at reference 
temperature 0T . A combined AC and DC voltage is imposed at 
the inlet reservoir (on the wide channel side), while the outlet 
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reservoir (on the wide channel side) is grounded, i.e. 0 0xφ = =  
and , x L AC DC AC rms DCV V Vφ = += = + , where 

, AC rmsV  is the root 
mean square of AC electric field and DCV  is the DC bias. 
Electric insulation condition is applied at the channel wall. 
2.2 Bulk solution electroosmotic flow field 

The bulk fluid velocity driven by EOF can be described by 
the Navier-Stokes equation and the continuity equation which 
are expressed as 

( )( )u u p T uρ η⋅∇ = −∇ +∇⋅ ∇   (3) 

0u∇⋅ =     (4) 
where u  is the bulk fluid velocity vector, ρ  and p  are the 
solution density and hydrodynamic pressure, respectively, 
( )Tη  is the solution dynamic viscosity whose dependence on 

temperature is given as ( ) ( )61.25 10 exp 1958 /T Tη −= ×  [30].  
Slip boundary condition is applied at the channel wall, 

because the electric double layer (EDL) thickness is usually of 
about 1 nm to 100 nm which is relatively thin compared with 
the channel dimensions (on the order of 100µm), the variation 
of fluid velocity within the thin EDL can be neglected. This 
well-known slip velocity approximation assumes the channel 
wall to move with a velocity determined by Smoluchowski’s 
equation given by  

0m w
s

E
U

ε ε ζ
η

= −    (5) 

where mε  is the solution dielectric constant, 0ε  is the 
dielectric constant of vacuum, wζ  is the zeta potential of the 
channel wall, and E  is the strength of local applied electric 
field. The characteristic response time of an electroosmotic 
flow after switching on the electric field can be estimated from 

( )2 /eof hO Dτ ρ η= , where hD  is the hydraulic diameter of the 

microchannel. For the Tris-borate buffer solution in a 
microchannel of 120 µm in the hydraulic diameter, we can 
estimate the electroosmotic flow response time of order 

( )210eof Oτ −= s. In experiment, the applied AC frequency is 10 

kHz. The time period 4(10 )AC Oτ −∼ was two orders smaller 
than 

eofτ . Hence, we can assume that the bulk flow is not able 
to response to the AC and the flow is only driven by the DC, 
i.e. 

eof eof DCu Eμ= . The slip velocity then can be modified as 

0m w DC
s

EU ε ε ζ
η

= −    (6) 

2.3 Solution and channel wall temperature fields 
The Joule heating induced temperature field is governed by 

the energy equation expressed as 
( )2

p lc u T k T T E Eρ λ⋅∇ = ∇ + ⋅   (7) 
where pc and lk  are the specific heat and thermal conductivity 
of the buffer solution, respectively, and they are assumed to be 
constant. The combined electric field is expressed as 

sin 2AC DCE E E A ft Bπ= + = + , where f is the frequency of AC, 

A  and B  are the magnitude of AC and DC, respectively. 

Then the local time average Joule heat in a period can be 
expressed as 

2
1/ 2 2 2

, 01/ 2
f

AC rms DC
AE E E Edt B E E

f
λλ λ λ λ λ⋅ = ⋅ = + = +∫  

which can be divided into two sections contributed by AC and 
DC, respectively. Here, 

, AC rmsE  is the root mean square value 
of AC electric field strength. Thus, Eq. (7) averaged in a period 
can be modified as 

( ) ( )2 2 2
, p l AC rms DCc u T k T T E T Eρ λ λ⋅∇ = ∇ + +  (8) 

Hence, to generate the same amount of Joule heat compared 
with a sole DC, the DC component in the combined electric 
field can be greatly reduced when a high amplitude AC is 
combined together. 

The buffer solution is continuously supplied from the inlet 
reservoir at room temperature, i.e. 0x LT T= = , and is considered 
as thermally fully-developed at the outlet reservoir, i.e. 

0

0
x

T
x =

∂
=

∂
. Since the thermal boundary condition at the channel 

wall is unknown, a conjugate heat transfer problem has to be 
solved by simultaneously considering the heat conduction 
through the solid channel wall,  

2
s ps s

Tc k T
t

ρ ∂
= ∇

∂
   (9) 

where sρ , psc , sk  are the specific heat , density, and thermal 
conductivity of the microchannel wall, respectively. The 
condition of natural convection heat transfer with room air is 
applied to the outside surfaces of the fabricated devices when 
solving the temperature field of the channel substrate. The heat 
transfer coefficient of natural convection is chosen to be 15 
Wm-2K-1. 
2.4 Sample solute concentration field 

It is assumed that no adsorption of sample solutes onto the 
microchannel wall and no interaction between the sample 
solutes and the electrolyte components. Therefore, the sample 
solute concentration can be governed by the mass transport 
equation of the charged solutes  

( ) ( )ep
C uC u C D T C
t

∂
+∇ ⋅ + = ∇ ⋅ ∇⎡ ⎤⎣ ⎦∂

 (10) 

where C  is the concentration of sample solutes, and ( )D T  is 
the mass diffusion coefficient of solutes, given by 
( ) ( )0 01 0.02D T D T T= + −⎡ ⎤⎣ ⎦  [30]. 0D  is the mass diffusion 

coefficient of the solutes at room temperature 0T .  
The time average electrophoretic velocity of the solutes 

epu  can be simply expressed as ep ep DCu Eμ= , where epμ  is 
the temperature-dependent electrophoretic mobility of the 
sample solutes, given by [27] 

14 2 10 94.394 10 ( - 273) 8.024 10 ( - 273) 8.621 10ep T Tμ − − −= − × × − × × + ×  
At the initial time, the microchannel is filled with sample 

solution of the same concentration as those in the two 
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reservoirs, i.e. 
0C C= . At the two reservoirs, 

0 0x x LC C C= == = . 
And no mass transport is allowed to penetrate the channel wall 
surfaces. 
2.5 Numerical method 

COMSOL Multiphysics is utilized to numerically solve the 
above-described governing equations so as to obtain the 
electric field, velocity field, temperature field and concentration 
field. Since the channel geometry is symmetric, only half of the 
channel and glass slide is computed. A grid size independent 
test was conducted to ensure sufficient accuracy of numerical 
results. [29] 

 
3. EXPERIMENT 
3.1. Design and fabrication of microchannels 

Fig. 1 shows a schematic diagram of the design and 
dimensions of the Poly-dimethylsiloxane (PDMS) channel. The 
entire microchannel has 10 mm in length and a uniform depth 
of 50 μm. Both the narrow channel region and the wide 
channel region have the same length of 5 mm. The widths of 
the narrow and wide channel regions are 120 μm, and 600 μm, 
respectively. SU8-50 was used to make the microchannel molds 
on a Si wafer by the photolithography technique. The PDMS 
microchannel was fabricated subsequently by using the soft-
lithography technique. The process was detailed in previous 
report [29].  

 
Fig.1 Schematic design of (a) a microfluidic device and (b) the 

PDMS channel dimensions 
3.2. Preparation of buffer solution and sample solutes  

Tris-borate buffer (Sigma-Aldrich) was used as buffer 
solution. Fluorescein-Na (Sigma-Aldrich) was used as sample 
solute for sample focusing experiment. Fluorescein-Na dye was 
initially dissolved in DI water at a concentration of 0.01mM 
and stored at -30℃ in a refrigerator. Prior to the focusing 
experiment the dye was further diluted to the required 
concentrations (0.5 µM or 0.05 µM) in 180 mM Tris-Borate 

buffer solutions. All solutions were filtered with a 0.2 µm 
syringe filter (Whatman, USA).  
3.3. Experimental setup 

The microchannel and two reservoirs were flushed with DI 
water and then filled with a sample solution. Two platinum 
wire electrodes with 0.5 mm in diameter (Sigma-Aldrich) were 
placed in each reservoir to generate the combined AC and DC 
electric fields by a function generator (Agilent 33250A) 
connected with a customized high voltage amplifier (Optrobio 
Technologies, Singapore). The generated signal can be 
monitored by an oscilloscope (CombiScope® HM 1008) to 
ensure the reliability of the applied AC voltage plus DC bias 
over the experiment. 

Experiments were performed with a fluorescence 
microscope (Carl Zeiss, Germany) equipped with a 5x 
objective lens, a mercury arc lamp (mbq 52 ac, Zeiss) for 
fluorescent excitation, an appropriate filter set (excitation, 
494nm; emission, 521nm) and a CCD camera (Sensovation AG, 
Germany) for acquiring optical fluorescence images.  
3.4. Calibration 

The relationship between the intensity of fluorescent 
signals and the intensity of grayscale images was calibrated the 
same as in previous study [29]. In our late focusing 
experiments, the fluorescent intensity values of processed 
images were converted into the corresponding concentrations 
using the calibration curve that is mathematically expressed by 

2 3
0 1 2 3C A A I A I A I= + + +   (11) 

where C and I are the fluorescein concentration and intensity, 
respectively, and 0 1.5084μMA = , 1 1.0275μMA = , 

2 0.0027μMA = −  and 6
3 9 μMA E−= . 

 
4. RESULTS AND DISCUSSION 
4.1. Effect of the combined AC electric field 
component in the TGF 

In experiment, the combined AC and DC electric field was 
applied to the microchannel instead of a sole DC electric field. 
Because the frequency of the applied AC electric field (10 kHz) 
is much higher than the frequency response of the fluid in the 
microchannel, the AC electric field can used to suppress the 
EOF and meanwhile contribute to produce the temperature 
gradient as previous analyzed. Due to the limitation of 
equipment, the maximum amplitude of AC electric field that 
the amplifier can supply is 400 V. 

Fig. 2 shows the microscope images of TGF in the 
PDMS/PDMS microdevice under a sole DC electric field or the 
combined AC and DC electric field. The solution contains 0.5 
µM Fluorescein-Na solute dissolved in the Tris-borate buffer. 
Initially, the microchannel was filled with the dilute 
Fluorescein-Na solution which was uniformly distributed 
within the channel. When a sole DC 450 V was applied, no 
focusing phenomena were observed (Fig. 2b). However, when 
the 400sinωt V AC combined with the DC 450 V was applied, 
the analytes were gradually focused near the conjunction 
section and the analyte concentration was observed to increase 

(a) 

(b) 
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with time (Fig. 2c). Similar concentration enhancement was 
observed when the sole DC voltage was increased to 600 V 
(Fig. 2d). The results demonstrated that the additional AC 
electric field can reduce the DC voltage required to obtain the 
similar concentration enhancement. The result also reflects the 
importance of temperature gradient in this concentration 
technique. The combined AC electric field contributed to 
produce the required temperature gradient for TGF, while the 
temperature gradient generated under the sole DC 450 V was 
not big enough to satisfy the focusing condition. The Joule heat 
generated by the combined AC and DC is comparable to the 
Joule heat generated by the sole DC, which can be estimated by 
( ) ( )2

2 2 2 2 2
, , ,: 200 2 450 : 600 113:144AC AC DC DC AC DC DC pureDCE E Eλ λ λ+ +

⎡ ⎤+ = + =⎢ ⎥⎣ ⎦
 

Fig. 3 shows that the concentration enhancement under 600 V 
DC is comparable but slightly higher than that under the 
combined AC and DC electric field. Furthermore, in 
experiment, it was found that when AC frequency was higher 
than 1 kHz, the AC frequency did not affect the sample 
concentration. When the applied AC frequency was lower than 
frequency response of the fluid, oscillation of EOF caused the 
focusing band shacking. 

 
Fig.2 TGF using Joule heating induced temperature gradient 

under various applied voltages. (a) Microscopy image of 
the zoomed microchannel junction. Left reservoir is 
grounded, while the right reservoir is applied with a high 
voltage. (b-d) Microscopy fluorescence images taken at 
60s, 90s, 120s, after the application of electrical voltages 

 

 
Fig.3 Concentration enhancements of TGF under a combined 

AC and DC electric field and a sole DC 
4.2. Achiev ing high concentration factor under the 
combined AC and DC electric field  

The net EOF driven by the DC electric field from the 
positive electrode side to the negative electrode side can cause 
a liquid level difference in the reservoirs which results in a 
backpressure gradient. The velocity component induced by the 
backpressure gradient can affect the analyte stagnant location, 
pushing the sample focusing zone moving to the positive 
electrode side. In order to reach higher concentration factors, 
the sample focusing zone should be maintained in the narrow 
channel region. To reduce the backpressure effect, a combined 
AC and DC electric field was recommended instead of a sole 
DC electric field. Moreover, two reservoirs with larger area 
(compared with the original reservoirs with a diameter of 6mm) 
were added to the microdevice to further reduce the 
backpressure effect due to the finite reservoir size (Fig. 1a). 

In experiment, the solution contains an even dilute 0.05 
µM Fluorescein-Na in the Tris-borate buffer. Fig. 4a shows the 
concentration enhancement achieved under the combined 
400sinωt V AC with 450 V DC voltages with the reservoir area 
of 8mm × 12 mm. A more than 1200-fold concentration 
enhancement was achieved within 6 min. After 6 min, the 
focusing zone was moving close to the conjunction section, and 
the concentrated sample band was dispersed due to the sudden 
increasing of the channel area. Hence, the sample concentration 
decreased when the concentrated sample band was pushed 
across the conjunction by the backpressure effect. In order to 
achieve an even higher concentration factor, we further 
enlarged the reservoir area to 16 mm × 16 mm to increase the 
duration of sample concentration in the narrow channel region. 
As showed in Fig. 4b, a more than 2500-fold concentration 
enhancement was achieved within 14 minutes, which is the 
highest concentration factor demonstrated in TGF using 
inherent Joule heating effect, compared to the 300-fold 
concentration enhancement within 190s achieved by Ross and 
Locascio [18] and 200-fold concentration enhancement within 
120s achieved by Kim et al. [26]. The concentrating speed here 
(2500-fold in 14 min) was also faster than the concentrating 
speed of TGF using external heating/cooling equipment 
(10000-fold in 100 min by Ross and Locascio [18]), and was 
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equivalent to the concentration performances using IEF (1000-
fold in 5 min by Montgomery et al. [13]) and EFGF (4000-fold 
in 60 min by Liu et al. [15]). And the total length of 
microchannel here (1 cm) was much shorter than those used in 
IEF and EFGF (~5 cm), making it suitable for development of 
compact Lab-on-a-chip systems.  Moreover, the operation of 
TGF using the combined AC and DC electric field is quite 
straightforward, with simple adjustment of AC or DC electric 
field strength to realize the concentration at desired location. 
And the microchannel is simple for design and easy for 
fabrication. 

 

 

 
Fig.4 Concentration enhancements under the combined AC and 

DC electric fields with (a) the reservoir area of 8 mm × 
12 mm (b) the reservoir area of 16 mm × 16 mm 

Fig. 5 shows a comparison between the numerical 
simulations and the experimental results of the concentration 
enhancement for 0.05 µM fluorescein-Na during a focusing 
time of 14 min under the combined AC and DC electric field. 
The numerical simulation reasonable agrees with the 
experimental data, through the prediction is higher than the 
experimental result. Because the phenomena are complicated, 
lots of factors can affect the TGF results. In the model 
assumptions, the reservoir and backpressure effects are 
neglected. The interaction between sample solutes and buffer 
solution is not considered, as well as the dispersion effect. The 
absorption of solutes and swelling of PMDS can also 

contributed to the discrepancy between our numerical 
model predictions and experimental data. More 
importantly, photobleaching of the fluorescent solutes is a 
significant factor that can lead to the underestimated the 
concentration enhancement in the experimental results. 

 
Fig.5 Comparison between experimental data and numerical 

results of the normalized concentration versus time 
Photobleaching is a destructive process where the 

fluorophore loses the ability to emit light under prolonged 
exposure to excitation. The rate of photobleaching depends on 
a number of factors including illumination intensity and 
wavelength, exposure time and so on. According to Gui and 
Ren [31], when fluorescent dyes of a concentration C0 were 
exposed under an excitation light intensity I, the remaining dye 
concentration C after an exposure time t can be expressed as 

0/ kItC C e−=    (12) 
where k is a coefficient considering of the dye photobleaching 
speed. Experiments were carried out to find this coefficient. 
Standard 200 µM fluorescein dye solution was filled in the 
channel and exposed under the same illumination intensity as in 
the TGF experiments. The captured intensities were converted 
into the corresponding dye concentrations using Eq. (11) and 
the relationship was mathematically expressed as 

0.042
0/ tC C e−= , as shown in Fig. 6. There were 92% 

fluorescein dyes remaining in the solution after 2 min, while 
only 56% dyes remaining after 14min. This indicates that 
concentration (2500-fold) of sample solutes converted from 
image intensity, which is only the concentration of the 
remaining solute dyes, is greatly underestimated compared to 
the actually concentration of solute dyes after 14 min. 
 
5. CONCLUSIONS 

This paper reports effects of the combined AC and DC 
electric fields in TGF with Joule heating in a microchannel with 
a sudden expansion in the cross-section. A theoretical model 
including a set of governing equations is developed for the 
TGF under the combined electric fields. Experimental results 
show that the high frequency AC electric field which 
contributes to produce the temperature gradient can reduce the 

(a) 

(b) 
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required DC voltage to achieve the sample concentration. The 
smaller DC voltage will result in a smaller EOF, which can 
reduce the backpressure effect due to the finite reservoir sizes. 
Backpressure effect was observed experimentally which made 
the concentrated sample zone moving to the positive electrode 
side. Additionally, two reservoirs with larger area are added to 
the microdevice to further reduce the backpressure effect and 
accordingly increase the duration of sample focusing in the 
narrow channel region. A more than 2500-fold concentration 
enhancement was obtained within 14 min in our PDMS/PDMS 
microdevice, which is a great achievement in TGF using 
inherent Joule heating effect. Numerical simulation shows a 
higher prediction than the experimental results. Photobleaching 
was investigated experimentally, which indicated an 
underestimated of concentration enhancement of experimental 
results. Further studies are needed to quantify the 
photobleaching effect in our TGF processes. 

 
Fig.6 Photobleaching of fluorescein dyes in TGF experiment 
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