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ABSTRACT 
 
This paper outlines an optothermal approach to manipulate 

local fluid temperatures in microfluidic and lab-on-chip 
systems. The system has the ability to control the size, location 
and the source heat flux using an external computer and is not 
constrained by predefined geometries, complex fabrication or 
control system. The thermal performance is evaluated using a 
temperature-dependent fluorescent dye.  Experiments 
demonstrate localized heating up to 35  over ambient 
temperature for a heat source spanning a downstream length 
of 1.5 . Experimental results are compared with a 1D 
thermal analysis of the system based on the Taylor-Aris 
dispersion.  

 
NOMENCLATURE 

 
 = Cross-sectional area, 2 
 = Biot number, /2 /   
 = Minimum width of the hyperbolic contraction, 

 
 = Convective/conductive heat transfer  

coefficient, / .   
 = Channel half height,  
 = Fluid thermal conductivity, / .  
 = Heat source width,  
 = Channel half length,  

 = Pressure driven flow rate, 3/  
 = Peclet number, /  
 
 

 
 = Peclet number, 1 ,0 / /  
 

Greek 
 = Thermal diffusivity, /  

= Dispersion coefficient, /  
 = Applied voltage,  

 = Fluid viscosity, .  
 = Electroosmotic mobility, / .  
 
 

1. INTRODUCTION 

Improved temperature control was one of the main 
motivating factors for some of the earliest microfluidic chip 
based systems Active control of fluid temperatures is now 
central to many microfluidic and lab on chip applications.  
Examples include chemical synthesis in microreactors [1, 2], 
polymerase chain reaction (PCR) (see ref. [3] for a 
comprehensive review), pre-concentration and separation 
techniques [4, 5], and optothermal flow manipulation [6-8]. In 
particular, localized on-chip temperature variations are 
employed in patch-clamp electrophysiology [2], rheological 
flow manipulation [7], polymer actuators [8], and to separate 
analytes [4].     

In present technologies, the following methods have been 
applied to provide heating for microdevices:  thin-film heating 
elements made of Pt, Ti, and nonmetallic polysilicon [9-11], 
heating by embedded resistance wires or silver-filled epoxy 
[12, 20], external Peltier modules [4, 13], heating by hot air 
[14,15], heating by infra red or halogen light or microwave [16-
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18], chemical reaction heating [19], laser heating [6, 7], and 
joule heating [5,21].  

Use of an integrated electrical heater is one of the most 
common methods for on-chip temperature control [12], 
however, the heating structures must to be designed, fabricated, 
and integrated within the microchip, and the location of the 
heated zones cannot be changed dynamically. The fabrication 
of integrated heaters is also fairly complex (such as patterning 
multilayer soft-lithography systems or on-chip heaters), and the 
heaters must be interfaced with the external environment (e.g. 
electrical connections).  

Limitations associated with fixed on-chip electrical heaters 
has motivated the development of non-contact heating 
approaches; particularly optothermal heating methods. Using 
suspended photothermal nanoparticles and submiliwatt light 
beams, Liu et al. [22] proposed a contactless fluid manipulation 
system to transport biomolecules and living cells at controlled 
speeds and directions. Reinhardt et al. [23], presented a -
hotplate enhanced optical heating system by fabrication of 
microsized patterned surfaces for single cell treatment. 
Krishnan et al. [7] demonstrated a microfluidic valving 
technique based on optothermorheological manipulation using 
a low-power laser beam.  Their system is able to generate 
reversible valves with the switching times on the order of 1  at 
high flow rates of 1 / . Richter and Paschew [8], 
developed a highly integrated polymer-based actuation system 
using a stimuli-responsive hydrogel. Activation of the actuators 
was implemented by optical system including a commercial 
video projector and convex lenses.  

In this work, we use a commercial video projector and an 
optical setup to achieve optothermal heating of an aqueous 
solution in a microfluidic channel. This method presents 
improved flexibility over integrated heaters, and can produce 
localized heating and simultaneous heat sources at multiple 
locations. The thermal characteristics of the heating system 
were measured by using the temperature-dependent fluorescent 
dye method [30].  A 1D approach for thermal analysis of the 
system is also provided for better understanding of the heat 
transfer and temperature distribution along the microchannel. 
This analytical approach can be implemented to other heating 
techniques that produce localized heating.  

2. EXPERIMENTAL SECTION 

Temperature sensitive rhodamine B dye (Sigma Aldrish, St. 
Louis, Missouri) was used for the temperature measurements. 
In our experiments, an inverted epi-fluorescent microscope 
(Jenco, Oregon) with 5X, 0.12 N.A. long distance objective, a 
rhodamine B filter set (excitation: band pass 546 nm/12 nm, 
emission: band pass 600 nm/40 nm), a broadband mercury 
illumination source, and a digital CCD camera was used. Image 
acquisition and storage was controlled by the Zarbco video 
toolbox (Ver. 1.65) software. Hydrostatic pressure (i.e. 
difference between two columns of water) was used to produce 
ultra-small flow rates of 10 /  while a syringe pump 
(Harvard Apparatus, QC, Canada) was used to produce higher 

flow rates (up to 1500 / ). The range of the Reynolds 
number for this experiment varied between 0.005 to 5; ensures 
the laminar flow. A commercial video projector (Sony, 3-LDC 
BrightEra, 190 W Mercury lamp, 1600/2000 ANSI lumens) 
equipped with special optics consisting of three convex lenses 
were used for optothermic control of the system. A 50 mm long 
rectangular borosilicate glass capillary (Vitrocom, NJ) with 
nominal inner dimensions of 20 200  was used as the 
microchannel. Two different materials of Poly (methyl 
methacrylate) (PMMA) and glass (both with the dimensions of 
25 75 1 ) were employed to mount the 
capillaries. A microscope slide were used as the glass substrate 
while the PMMA substrate was produced using a CO2 laser 
system. A black electric tape is fixed on the surface of the 
microchannel, providing a light absorbing material. Images 
were projected onto the surface of the black tape using the 
abovementioned optical setup and the user interface software of 
Microsoft Power Point. Polydimethyl siloxane (PDMS) layers 
were punched and used at the channel ends to interface the 
external fluidics. The microfluidics assembly and a schematic 
of the experimental setup are shown in Figure 1.   

Prior to each experiment a background and an isothermal 
“cold field” intensity image of the system were taken. 
Following the acquisition of the cold field image, the 
prescribed flow rate was set and a rectangular strip of light is 
projected onto the surface of the black tape to provide localized 
heating. The heat source width was estimated to be 1.5 mm. 
Images were taken every 2 min with the resolution of 1280
1024 pixels, which captured a length of 3.5 mm of the channel. 
The system was considered to have reached the steady-state 
condition when the measured temperature distribution did not 
change with time. In order to avoid the photobleaching effect 
and channel heating due to the high intensity illumination light, 
images were recorded for periods of less than 5 seconds [24].  

To extract the in-channel temperature profiles, background 
image was first subtracted from each raw image and the cold 
field. The corrected raw images were then normalized with the 
corrected cold field images. A Wiener type adaptive filter was 
then applied in order to smooth the images and reduce the 
effect of noise. The intensity values of the treated images were 
then converted to temperature using the intensity vs. 
temperature calibration, as described by [21].  

3. THEORETICAL MODEL 
In this section, we present a simple approach for better 

understanding of the heat transfer and temperature distribution 
along the microchannel for the proposed optothermal heating 
method. It should be noted that the proposed theoretical model 
can also be implemented to other heating techniques such as 
thin film heating and heating via resistance wire with 
appropriate modifications.  

We model our thermal system using a convection-diffusion 
heat transfer equation for a microchannel shown in Figure 2, 
with the following assumptions: 

• steady-state heat transfer and fluid flow 
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• thermal properties are constant  
• channel is long enough that the inlet and outlet 

effects on the temperature distribution can be 
neglected 

• fluid temperature is room temperature at the inlet 
and outlet 

• flow is 2D (channel is sufficiently wide) 
• flow is stokes flow (low Re)  (see [25 and 26] for 

more details) 
• joule heating effect is negligible 

 
 

 

 
Figure 1. Schematic of the experimental setup and microchip 
assembly. Note that for high flow rates a syringe pump is used 
instead of the hydrostatic flow setup.  

   

Figure 2. Schematic of the heated microchannel and its 1-D 
resistance network.  

 
For such a model system, the conservation of energy can 

be written as follows  
 

  
 (1) 

holding the following boundary conditions 
 
  

 

(2)   

 | 0 

where  is the temperature rise,  is the reference 
temperature (here room temperature),  is the bulk velocity 
which is the summation of pressure driven velocity,  and 
electroosmotic velocity, ,  is the channel half-height,  is 
the channel half-length,  is the thermal conductivity, 

/  is the thermal diffusivity, and   and  are the 
heat fluxes of the upper and lower wall boundary conditions. 
Note that the proposed approach is valid for boundary 
conditions including convective, radiative, or constant 
temperature.  

In most microchannel systems, the Reynolds number is 
much less than unity and the Debye length is several orders of 
magnitude smaller than the characteristic dimensions of the 
channel. Using the lubrication flow solution of Ghosal [25] to 
include variable viscosity and the nonuniform electroosmotic 
slip velocity, the following relationship is obtained by Huber 
and Santiago (for more details see the appendix of Ref [26]) for 
the bulk velocity 

 
  ,

3
2

, ΔV
1  

(3) 

 
where  is the pressure driven flow rate,  is the fluid 
viscosity, ,  is the electroosmotic mobility of the fluid at a 
reference temperature (usually room temperature), and ΔV is 
the applied voltage. The  in Eq. (3) is a nondimensional 
function accounts for any other temperature dependence of the 
buffer electrical conductivity which is not through the viscosity 
[4]. We also used the same definition used by Huber and 
Santiago [26] for / , . Note that the 
axial averaging used in the lubrication solution [25] is denoted 
by  here.    
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 We now decompose our variables into a cross-sectional 
area-averaged component and a deviation component, as 
suggested by the work of Stone and Brenner [25] and Huber 
and Santiago [26]. In Cartesian coordinates, the decomposed 
variables take the form , , , where 

/  is the area-averaged value and the prime 
denotes the deviation component. Performing cross-sectional 
average of Eq. (1), products containing a single deviation term 
are eliminated by definition (the average of a deviation term is 
zero). As a result, Eq. (1) yields 

 
   

2  (4) 

where . As can be seen, the partial 
differential equation of Eq. (1) is now simplified to an ordinary 
differential equation which can be solved easier. It has the 
standard 1-D form of transport equation with the additional 
cross-correlation term that contributes to the heat dispersion. 
The average and deviation velocity terms appear in Eq. (4), are 
obtained from the following relationships [26]  

 
   , ΔV

 (5) 

 
   1

2
, ΔV

1
3

 (6) 

In order to determine the dispersion term in Eq. (4), 
another transport equation is required, which can be obtained 
by subtracting Eq. (4) from the decomposed form of Eq. (1) 

 
   

2  (7) 

 
Under the assumption of  / 1, / 2

1  , Eq. (7) can be simplified to 
 

   
2  (8) 

where the Peclet number is defined as follows 1
,0 / / . Given an expression for , the deviation term,  

can be obtained in terms of the area-averaged temperature rise, 
 and heat flux,  by integration 

   
,

2 2 2

4
2
2

7
60 6

 

(9) 

where  and  parameters can be obtained from the following 
relationships 
  

2
, ΔV

 
(10) 

 
2  

 and /  is the dimensionless distance from the center of 
the channel.  We now use the solution of Eq. (9) to determine 
the advective dispersion contribution in Eq. (4)  
 
  2

105 15  (11) 

We substitute Eq. (11) into the averaged transport equation, Eq. 
(4), yielding the final form of  
 
  

2 1
2

15  (12) 

where /  and 
 
  

1
2

105  (13) 

The 1-D convection-diffusion of Eq. (12) has features of the 
Taylor-Aris dispersion equation. The thermal dispersion 
coefficient,  accounts for the effects of the pressure driven 
flow on the area-averaged temperature. There is an additional 
term in Eq. (12) corresponds to the applied heat flux on the 
upper surface of the channel. This term can be more simplified 
under the following assumption 
 
  
  

1 (14) 

yielding  
 
  

2  (15) 

Nondimensionalizing Eq. (14) with the assumption that 
 remains constant gives 

 
  

 (16) 

subjected to the following boundary conditions  
 
  ∞ 0 (17) 
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where , /2 / , / , 
and . Note that, the boundary condition given 
in Eq. (17) is valid when channel length is much larger than the 
size of the heat source.  

Thermal resistance analysis to the bottom (PMMA or glass 
substrates) and the top of the chip shows that the thermal 
resistance of the lower substrate can be effectively neglected in 
comparison with the free convection from the top and bottom 
surfaces. As a result, 

We propose a solution, as an example, here for a 
microchannel that its upper surface is locally heated with a heat 
source of length , with uniform heat flux and is cooled by free 
convection or conduction to the ambient. For such a condition, 
dimensionless heat flux can be written as follows  

 
   1 ;             1 1

;    1  1
 (18) 

where the Biot number is defined as /2 / . 
The solution of Eq. (18) has the following form  
  
   2 sinh

;    1

1
;      1 1

2 sinh
;     1

 (19) 

where the new parameters are 4 /2 and 

4 /2.  

 
One limiting case for the solution proposed in Eq. (19) is 

when 0.  For such a problem heat transfer occurs only 
through conduction and the convective term in Eq. (16) is 
negligible. As a result, Eq. (19) simplifies to 

 
   √ sinh 

;     1

2 √ 1 √

2 ;      1 1

√ sinh 
;     1

 (21) 

For very high velocities, convection dominates the heat 
transfer mechanism, yielding very small temperature rise in the 
fluid. As a result, 0. 

  

4. RESULTS AND DISCUSSION 

In order to determine the performance of the proposed 
optothermal heating approach in controlling the temperature of 
a liquid sample in the microfluidic system, effects of different 
controlling parameters are investigated here.  

Figure 3 is the experimental demonstration of the proposed 
heating system ability to control the location of the heated area. 
The heat source location was controlled only by the image 
generated (and sent to the projector) from an external computer. 
Because the channel depth is much smaller than the channel 
width, the temperature difference in the depth direction is small 
and the monitored 2D fluorescence accurately represents the 
temperature field of the fluid within the microchannel. As can 
be seen, temperature gradient up to 35  can be achieved by a 
1.5  heat source. This temperature gradient is suitable for 
many microfluidic applications such as patch-clamp 
electrophysiology [2], rheological flow manipulation [7], 
polymer actuators [8], and temperature gradient focusing [4].     

Figure 4 presents the variation of maximum temperature 
rise along the microchannel with the heat source width. The 
results are obtained for no flow condition. The width and 
maximum temperature rise are normalized with respect to the 
width and maximum temperature rise of the heat source of 
1.5  width. As expected, since more heat is transferred to 
the fluid, maximum temperature increases with the source 
width in a linear behavior.  

In order to control the applied heat flux, we changed the 
light intensity by adjusting the darkness of the rectangular strip 
projected from the external computer. Figure 5 shows the 
variation of normalized temperature rise for different applied 
heat fluxes when the source size was kept constant. The fairly 
linear behavior of the results suggests that the heat flux changes 
proportionally with the light intensity in a linear manner. It 
should be noted that the results in Figure 5 are plotted for no 
flow condition.  

 
 

(a)

(b)

(c)
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Figure 3. Experimental demonstration of localized heating with the 
optothermal system. The microchannel was heated at three 
different locations, (a, b and c), with a heat source of approximately 
1.5 mm width. Total field of view for each image is 3.5 mm. Images 
were taken for no flow condition while the heat source location was 
controlled by that projected from an external computer. In each 
image, the top pane is an image produced by the video projector 
and the lower pane shows the corresponding temperature contour. 

 
 

Figure 4. Effect of the source width on the maximum temperature 
rise within the microchannel for no flow condition. The width and 
maximum temperature rise are normalized with respect to the 
reference width of 1.5 mm. Filled circles are the experimental data 
and the solid line is a linear fit.    

 
 

Figure 5. Variation of normalized maximum temperature rise versus 
applied heat flux. The heat source width was kept constant with the 
value of 1.5 mm. The intensity of the light was controlled by 
adjusting the darkness of the image. Filled circles are the 
experimental data and the solid line is a linear fit.       

 
In order to investigate the effects of fluid velocity on the 

temperature field, variation of temperature distribution along 
the microchannel for different Peclet numbers is shown in 
Figure 6. The measured temperature at each axial location is 
obtained by cross-sectional averaging of the temperature. To 

compare the temperature distribution in the presence of fluid 
flow with the proposed theoretical model, the no flow condition 
experimental result is used as a benchmark to set the heat flux 
in the analytical model. Values of the parameters used in the 
theoretical model are listed in Table 1. Afterward, the same heat 
flux is used to compute the temperature distribution in the 
presence of fluid velocity. Note that calculation of maximum 
length scale for the system according to [26] shows that the 
Reighley number is always small enough that free convection 
from the upper and lower surfaces can be neglected and heat 
conduction in the air is the only mechanism heat transfer. As a 
result, we considered the conductive process as a heat source 
within a half-space and the values obtained by [29] were used 
to estimate the equivalent free convection coefficient (i.e. ).   

 
 

Figure 6. Variation of temperature distribution along the channel 
for different fluid velocities. Experimental temperature at each axial 
location is obtained by cross-sectional averaging of the 
temperature. Source width is kept constant with the value of 1.5 
mm.      

 
It can be seen that the simple theoretical model can predict 

the trend in the experimental data. In particular, both theoretical 
and experimental data show that the maximum temperature 
decreases when the fluid velocity (or ) increases. This is 
expected as given a constant heat flux, the temperature change 
decreases as the mass flow rate of fluid increases. It is also 
clear from the plot that the location of the maximum 
temperature shifts from the center of the heat source to the 
downstream of the flow by increasing the fluid velocity. This 
can be attributed to the fact that more cold fluid is pumped 
under the heat source and cools the front edge of the heat 
source..  

5. CONCLUSION AND RECOMMENDATIONS 
We  present an optothermal heating for microfluidic flow 

that enables dynamic control of the heated location and 
intensity, using a commercial video projector and an optical 
deliver system.  The proposed system provides heating up to  
35  over ambient temperature for a heat source size of 
1.5  which can be used in many microfluidic applications. 
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The heat source size, location and intensity can be controlled 
from an external computer using common user interface 
software such as Microsoft Power Point or Matlab. According 
to the obtained experimental data the following were observed: 
 
• Increasing the source width leads to increase in the 

maximum temperature within the microchannel. This 
increase is linearly related to the source width.  

• Source heat flux is related in a linear manner to the 
darkness of the generated image.  

• The amount of maximum temperature decreases when the 
fluid velocity increases.   

• The location of the maximum temperature is almost under 
the center of the heat source for no flow condition and it 
shifts from the center of the heat source to the downstream 
of the flow by increasing the fluid velocity. 
 

Table 1. Values of the parameters used in the 
theory for comparison with experimental data.   
Parameter Value  

 0.75  
 10  
 1250 /  
 0.54 / .  
 1000 /  
  4200 / .  
 15 /  

 
 
A simple 1D analysis was introduced for better 

understanding of the thermal behavior of the system in the 
presence of the fluid flow. The closed form solution is obtained 
for cross-sectional average of the temperature in terms of fluid 
velocity.  Given the thermal properties, source width, channel 
height, and convective/conductive heat transfer coefficient to 
ambient, the analysis shows good agreement with the 
experimental data. Effects of all the following parameters were 
considered in three dimensionless parameters:  ,  and 

.  
Although the present heating system is applicable to the 

proposed optothermal system the heat source size should be 
shrunk down more to provide higher resolutions in the 
temperature control of the system. For future works, the 
capacity to move the heat sources with rapid heating and 
cooling rates will be examined and compared with the modified 
theoretical analysis for a transient condition. The present 
system will also be employed in to manipulate analytes using 
the pre-concentration method of Temperature gradient focusing.   
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