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ABSTRACT 
 

In this paper, a new method of cooling hot-spots in electronic 

devices is proposed based on the electrowetting phenomenon. 

Since the microprocessor technology is developing with a fast 

rate, conventional cooling methods for integrated circuits will 

eventually fail to address the needs for high performance 

computers. As a result, novel methods of cooling must be 

developed. In this study, a layer with variable and 

programmable thermal conductivity is placed between the 

electronic device and a conventional cooling system. This layer 

is composed of an array of liquid metal drops which can be 

actuated with the electrowetting phenomenon. The conductivity 

of this layer can be modified according to the heat transfer 

requirements of the system in the desired region. This action is 

accomplished by actuating the drop in that region with an 

applied AC voltage. To test the possibility of designing such a 

system, experimental and numerical investigations with 

different scenarios have been presented and compared in this 

paper. Two mercury drops with different volumes of 2.8 µL and 

6 µL are used in a PCB-based experimental setup to observe the 

changes in contact angle and apex of the drops under an applied 

voltage. Also, the Navier-Stokes equations along with the 

energy equation are solved to investigate the effectiveness of 

the drops in cooling the hot-spots.  

KEYWORDS: Hot-Spot Cooling, Electrowetting, Thermal 

Management, Integrated Circuits, Contact Angle, VOF method.  

1. INTRODUCTION 

In recent years, thermal management has become an important 

parameter in designing and manufacturing high-performance 

electronic devices including microprocessors. Based on the 

researches published as the International Technology Roadmap 

for Semiconductors (ITRS) [1], the size of the transistors in 

microprocessors will continually decrease over time and reach 

to a value of 10 nm until 2018. However, the size of the chips 

will remain constant and, therefore, the concentration of 

transistors will increase. Moreover, the ITRS has shown that 

the power consumption of the high-performance personal 

computers will experience a 92% increase until 2016. Although 

these changes will lead to more complicated microprocessors 

with improved calculation abilities, the generated heat will be 

dissipated from a much smaller surface area. As a result, old 

fashioned cooling methods such as heat sink-fan will be 

eventually inefficient, since they can only dissipate a constant 

amount of heat flux from the entire surface area of the 

electronic chips. This method of cooling leads to the formation 

of large thermal gradients, mostly known as hot-spots, which 

are not desired due to the associated high thermal stresses.  
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Some investigations have been carried out recently to design 

novel methods of cooling. Some of these methods include heat 

pipes, thermo-siphons, thermoelectric systems, etc. Also, some 

MEMS-based methods such as microchannels, microjet cooling 

[2] and microfin array heat sinks [3] have been developed.  An 

alternative to these cooling methods are the drop-based 

microfluidic devices where discrete drops are actuated over an 

array of electrodes based on the electrowetting phenomenon. 

Electrowetting is a phenomenon in which the contact angle of a 

polarizable or conductive liquid drop is changed by employing 

an electric field that leads to the movement of the drop. This 

technique has significant applications in the area of digital 

microfluidics and lab-on-a-chip devices.  The phenomenon of 

electrocapillarity was first introduced by Gabriel Lippmann [4]. 

Pollack et al. [5] later demonstrated that electrowetting can 

serve as a useful technique to manipulate drops. Moreover, 

some novel studies have been carried out over the past decade 

to investigate the fundamental issues regarding this 

phenomenon such as hydrophobic coatings, contact angle 

variations and various electrode shapes [6-10]. Using the 

Volume-of-Fluid (VOF) technique in a numerical approach, 

Alavi et al. [11] solved for the Navier-Stokes equations along 

with the electrostatic equations to model the contact angle 

changes of sessile drops under the effect of applied voltages 

and compared the results with those of the experiments. More 

information regarding the electrowetting phenomena and the 

recent development in that field can be found elsewhere [12, 

13]. 

While the most extensive application of electrowetting is in the 

field of biology and chemistry as in the lab-on-a-chip 

technology, this phenomenon has found its way in the field of 

chip cooling and thermal management of electronic devices 

[14]. Based on this technique, efficient and high performance 

thermal management systems allow the electronic devices to 

work with a higher performance.  

Recently, a number of novel techniques for thermal 

management of Integrated Circuits (ICs) have been proposed 

based on the technology of Electrowetting on Dielectric 

(EWOD). Paik et al. [15] for the first time demonstrated the 

ability of micro-sized drops to cool a hot-spot using a novel 

coplanar electrowetting setup, which eliminated the need for a 

confining top plate. In addition, Mohseni [16] proposed cooling 

with liquid metal drops instead of water and showed that the 

heat transfer can be enhanced by two orders of magnitude.  

A state-of-the-art system was designed by Paik [17] to employ 

the electrowetting phenomenon using Printed Circuit Boards 

(PCBs) to cool the hot-spots in integrated circuits. He showed 

that a hot-spot located in an array of electrodes, with a heat flux 

of 30 W/cm
2
 can be efficiently suppressed by transporting a 6 

μL water drop across the array. Later, Cheng and Chen [18] 

used a similar approach to cool hot-spots adaptively. Oprins et 

al. [19] using the FLUENT software showed that circulations 

inside the drops are the cause of heat transfer enhancement in 

these kinds of hot-spot cooling systems. They modeled the 

drops between two parallel plates but did not solve for the 

electric potential.  

In this study, we propose a new method for the treatment of 

hot-spots in electronic devices. In this method, a layer including 

a liquid metal drop (such as mercury) is designed to be placed 

between the cooling target and a conventional cooling system 

such as a heat sink-fan (HSF). By actuating the drop using an 

electrowetting mechanism, the rate of cooling can be increased. 

Detailed descriptions of the system in addition to the 

experimental and numerical results are discussed in this paper.  

2. HOT-SPOT COOLING TECHNIQUE 

As mentioned earlier, due to the non-uniform heat dissipation 

from the transistors, hot-spots may appear on the surface of the 

electronic devices. This phenomenon only happens when an 

old-fashioned cooling system is used which can dissipate a 

constant value of heat flux from the entire surface of the device. 

This fact is explained by Paik et al. [20]. However, if a 

mechanism is designed such that the conductivity between the 

cooling target and the cooling system is changed according to 

the dissipated heat, then the temperature distribution would be 

uniform and the hot-spot would disappear. Based on the 

EWOD technique, Paik et al. [20] proposed a method to design 

such a system. For this purpose, consider the schematics shown 

in Fig. 1. A liquid metal drop is placed between two plates to 

form an interface between the cooling target and the 

conventional cooling system. By default, a voltage is applied 

between the drop and the electrode which is located at the 

bottom of the drop. As a result of electrowetting phenomenon, 

the contact angle of the drop is reduced because of the applied 

voltage and the drop is detached from the top plate. In this 

condition, the heat is conducted between the electronic device 

and the cooling system with the equivalent conductivity of the 

liquid metal and the surrounding air. This value of thermal 

conductivity is less than that of the liquid metal itself. Now, if 

more heat conduction is needed, the voltage can be removed to 

let the drop attach to the top plate. This act results in a 

significant increase of the thermal conductivity.  
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FIGURE 1. Schematics of the EWOD-based cooling method using 

liquid metal drops. At first, the drop is detached from the top plate 

(case a). If more heat conduction is needed, the voltage can be 

removed to let the drop attach to the top plate (case b).  

An array of these cells can be arranged to form a layer with a 

programmable conductivity which can be modified according 

to the amount of desired heat transfer between the heat-

dissipating target and the cooling device. Therefore, when a 

hot-spot forms on the surface of the electronic device, the 

conductivity can be increased by letting the drop attach to the 

top plate to suppress the hot-spot in that region. The main 

advantage of this system is that it can work in a combination 

with an old-fashioned cooling system with no need for a 

complete change of the system design.  

In the following sections, the experimental and numerical 

methods are presented to test the possibility of designing the 

introduced technique for cooling hot-spots.  

3. EXPERIMENTAL METHOD 

A PCB-based experimental setup is designed to actuate the 

drops using the electrowetting phenomenon. The schematics of 

the setup can be seen in Fig. 2.  

 
FIGURE 2. Schematics of the experimental setup for collecting the 

values of the contact angle, the contact radius and the apex of drops.   

Since the drop must be in permanent contact with the ground 

electrode, this electrode is placed under the drop in the same 

plane with the actuating electrode. This design facilitates the 

actuation process and the ground electrode will not interfere 

with the movement of the drop. Also, a solder-mask layer of 

thickness 20 µm is coated and baked on the top of the actuating 

electrode to serve as the dielectric. A high-speed CCD camera 

(Grasshopper, Point Grey Inc.) mounted with a telecentric 

microscope lens (EC-M55, Computar Company) is connected 

to a computer to capture and collect the images. In addition, a 

diffuse light is placed on the opposite side with regard to the 

camera such that the interface of the drop will be sharp enough 

for further image processing. The captured images are 

subsequently used to obtain the required data. This procedure is 

shown in Fig. 3. To calibrate the measurements, a precise 

needle with the diameter of 0.6 mm is placed near the drop and 

all the measurements are carried out in comparison with the 

needle. Using the AutoCAD software, a spline is fitted to the 

free surface to obtain the profile and volume of the drop. 

Similarly, the values for the contact angle, the contact radius 

and the drop apex can be obtained from the images. Depending 

on the resolution of the images, the accuracy of the measured 

dimensions is about 20 µm to 30µm.  

 
FIGURE 3. The method of obtaining data from the images and 

calibration process.   

During the experiments, for each size of the drop, first a voltage 

of 240V is applied to the electrode to change the contact angle 

and an image is taken from the drop. Next, the voltage is 

removed and another image is captured. This process is 

repeated five times to observe the repeatability of the method 

for later use in the hot-spot cooling process and to study the 

effects of contact angle hysteresis.  

4. NUMERICAL METHOD 

4.1. Fluid flow 

The Navier-Stokes equations are solved in a 2D axisymmetric 

domain to model the electrowetting phenomenon. Considering 
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the flow to be incompressible, laminar and Newtonian, the 

continuity and N-S equations will become: 

   ⃗    (1) 

  ⃗ 

  
   ( ⃗  ⃗ )   

 

 
   

 

 
   ⃡  

 

 
    (2) 

in which  ⃗  is the velocity vector,  the density,  the dynamic 

viscosity,  the pressure and  ⃡ is the stress tensor defined as: 

 ⃡   [(  ⃗ )  (  ⃗ ) ] (3) 

The body forces     include the gravity and surface tension 

forces. A three-step projection method [21] is employed to 

solve the continuity and momentum equations simultaneously 

in three fractional steps. In this manner, the first step includes 

obtaining an interim velocity  ⃗    
 

  by discretizing the 

convective and body force terms explicitly, as follows: 
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Moreover, the viscous terms are discretized implicitly. This 

treatment leads to obtaining a second interim velocity in the 

next step as: 
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Since the interim velocity  ⃗    
 

  exists at both sides of the 

relation, the method of TDMA (Tri-Diagonal Matrix 

Algorithm) is used to obtain the interim velocity at this step.  

Finally, in the third step, the interim velocity  ⃗    
 

 is projected 

to a divergence-free velocity field, defined as follows: 
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       (6) 

In combination with the continuity equation, this relation yields 

the Pressure Poisson Equation (PPE) for the evaluation of 

pressure at the new time level (   ), using   ⃗    
 

  : 
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   ⃗    
 

 

  
 (7) 

The resulting set of equations is symmetric and positive definite 

and; therefore, the Incomplete Cholesky-Conjugate Gradient 

(ICCG) solver is utilized to obtain the pressure [22]. The 

obtained pressure is next used to calculate the final velocity at 

time level (   ) using Eq. 6.  

4.2 Free surface tracking 

The interface of the drop and surrounding gas is advected using 

the Volume-of-Fluid (VOF) method in a fixed Eulerian mesh. 

This method utilizes a scalar function   as follows: 

  {
 

     
 

 

inside the liquid 

(8) at the free surface 

inside the gas 

This function shows the fraction of a cell which is filled with 

liquid. Consequently, when the cell is fully occupied with 

liquid, the value of   will be set to unity. In contrast, an empty 

cell will take the value of zero, and the cells residing on the 

interface a value between zero and one. The values for   

function are advected due the following relation: 

  

  
 ( ⃗   )    (9) 

In this equation, the Youngs PLIC algorithm is used to track the 

free surface of the drop [23]. Surface tension is modeled using 

the Continuum Surface Force (CSF) proposed by Brackbill et 

al. [24]. Based on this method, Aleinov and Pucket [25] 

suggested the following relation for the surface forces: 

       
 

 
 ̂ (10) 

in which   is the surface area of the portion of the cell filled 

with liquid and   is the cell volume.  is the surface tension 

and ̂ is the unit normal directing outward the liquid, which is 

also used to obtain the local total curvature of the free surface 

as: 

 ̂  
  

    
 (11) 

      ̂ (12) 

both defined in terms of the liquid fraction  . In addition, to 

apply the contact angle between the drop and the walls, the unit 

normal  ̂ at the vicinity of the free surface of the drop and the 

desired wall is changed according to the value of the contact 

angle.  

4.3. Heat Transfer 

To model heat transfer for the hot-spot cooling process, the 

enthalpy method is used. In this method, instead of solving the 
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energy equation in terms of temperature, it is formulated in 

terms of enthalpy. Assuming constant densities and neglecting 

the viscous dissipation term, the energy equation may be 

written as [26, 27]: 

  

  
 ( ⃗   )  

 

 
  (   ) (13) 

Equation 13 is only used inside the liquid, i.e. when   equals 

one. Otherwise, there will be an incorrect diffusion of enthalpy 

in the computational domain between two points with the same 

temperature. In other regions with a volume fraction smaller 

than one, energy equation in terms of temperature is used.  

5. RESULTS AND DISCUSSION 

5.1. Experimental Results 

In this section, the results of the experiments for two drop sizes 

are presented. A mercury drop of volume 6 µL is placed 

manually on the electrode and actuated with a voltage of 240V. 

Mercury is chosen as the material for the drop because of its 

excellent characteristics both as a heat conductor and as a liquid 

with hydrophobic features. This selection eliminates the need 

for a hydrophobic coating on top of the dielectric. As a result of 

the voltage, the contact angle of the drop is reduced. Figure 4 

shows the results of this experiment.  

 
FIGURE 4. Results of the experiment for the 6 µL drop with and 

without an AC voltage of 240V.  

The change of contact angle can be seen in Fig 5. Initially, the 

contact angle of the drop is measured to be 141°. As the voltage 

is applied, the contact angle changes to 133° and when it is 

removed, the contact angle changes back to 139°. However, as 

the experiment is repeated, the average value of contact angle at 

0V approaches 141.5° and an average value of 133.8° is 

obtained under 240V. The difference between the measured 

contact angles in each case is most likely due to the contact 

angle hysteresis and measurement errors.  

 
FIGURE 5. Variation of contact angle with and without the applied 

voltage for the 6 µL drop. The experiment is repeated 10 times to 

study the repeatability of the method for hot-spot cooling process.  

The variation of the contact radius and the apex of the drop are 

depicted in Fig. 6. It is observed that when the voltage is 

applied, the drop further wets the surface and the contact radius 

is increased, while in contrast, the apex of the drop is 

decreased. As the experiment is repeated, it is seen that the 

values of contact radius and the apex of the drop nearly change 

between two specific values. This behavior of the drop in 

electrowetting phenomenon is ideal for the hot-spot cooling 

process.  

 
FIGURE 6. Variation of contact radius and apex of the 6 µL drop 

with and without the applied voltage. The experiment is repeated 10 

times to study the repeatability of the method for hot-spot cooling 

process.  
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Next, the experiment is repeated for a mercury drop of volume 

2.8 µL. Figure 7 shows the change of contact angle as the 

voltage is applied between the drop and the electrode. For the  

 
FIGURE 7. Results of the experiment for the 2.8 µL drop with and 

without an AC voltage of 240V.  

same case, Fig. 8 shows the change of contact angle as the 

voltage is applied and removed. For this size of drop, the 

measured values of contact angle show much more 

inconsistency. The reason is thought to be due to the contact 

angle hysteresis and pinning (related to surface roughness) 

which both have more effects on the movement of smaller 

drops. More information about these phenomena is found 

elsewhere [28-30]. Nevertheless, when the voltage is applied 

for the first time, the decrease of the contact angle is measured 

to be from 136° to 120°, which is higher in comparison with the 

6 µL drop. As seen in Fig. 8, different values of the contact 

angle are obtained from the measurements; this means that the 

experiments for this size of the drop is less repeatable 

compared to the previous case with a larger drop size. As a 

result of this behavior, using small sizes for the drop in the 

cooling system is not advised.  

 
FIGURE 8. Variation of contact angle with and without the applied 

voltage for the 2.8 µL drop. The experiment is repeated 10 times to 

study the repeatability of the method for hot-spot cooling process.  

The change of the contact radius and the apex of the 2.8 µL 

drop are shown in Fig. 9. Compared to the previous case (Fig. 

6), the change of the contact radius and the apex is seen to be 

less repeatable; this is another indication that smaller drop sizes 

are not desirable for the hot-spot cooling purposes.  

 
FIGURE 9. Variation of contact radius and apex of the 2.8 µL drop 

with and without the applied voltage. The experiment is repeated 10 

times to study the repeatability of the method for hot-spot cooling 

process. 

Based on the observations, a conclusion can be made that as the 

drop size decreases, the change of the contact angle and the 

apex under the same applied voltage increases. For the hot-spot 

cooling purposes, a larger change of the drop apex under a 

specific applied voltage is preferred. However, as discussed 

above, when the drop size is decreased the effects of the contact 

angle hysteresis and pinning will be more pronounced. As a 

result, the volume 6 µL for the drop is preferred to a smaller 

value in this study.   

5.2. Numerical Results 

Model Validation.  In this section, simulation results 

are presented and compared with those of the experiments. The 

results of the simulations for the 6 µL drop are presented in Fig. 

10. The value of the contact angle for the simulations is adapted 

from the experimental images. This figure shows the results for 

the profile of the drop before the voltage is applied with a 

contact angle of 141°. It can be seen that the numerical results 

are in a good agreement with the experimental observations. 

The value of the apex is predicted correctly as well.  
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FIGURE 10. Comparison between the numerical and experimental 

results for the profile of the 6 µL drop before the applied voltage.  

Figure 11 shows the results of the simulations for the drop in 

comparison with the experiments when the voltage is applied 

and the contact angle is decreased to 133°. The results show a 

good agreement for this case as well. It can be seen that as the 

voltage is applied to the drop, the apex of the drop is reduced.  

 
FIGURE 11. Comparison between the numerical and experimental 

results for the profile of the 6 µL drop after the applied voltage.  

Hot Spot Cooling Scenario. Consider two parallel plates 

which are placed 1.8 mm apart. A drop of volume 6 µL is 

placed between the plates. In the absence of a voltage, the 

contact angle of the drop is 141° as measured in the 

experiments. As a result of this contact angle, the drop apex is 

large enough for the liquid to be attached to both plates. 

However, when a voltage of 240V is applied to the bottom 

plate, the contact angle will decrease along with the apex of the 

drop and, therefore, the drop will detach from the top plate. The 

schematics of this arrangement can be seen in Fig. 12. 

 
FIGURE 12. The arrangement of the hot-spot cooling process. The 

surface area of the top plate is 10mm2 

A constant heat power of 1 W enters from the top plate and the 

bottom plate is kept at 300 K by the means of a conventional 

cooling system such as a heat sink-fan. Also, the side walls of 

the system are insulated. Because of the input heat, the 

temperature of the top plate will have a value of 325 K in the 

steady state condition; i.e. when the drop is detached and 

placed at rest. The temperature distribution of the top plate 

under this flux is shown in Fig. 13.  

 
FIGURE 13. Temperature distribution of the top plate in the radial 

direction before the attachment of the drop, for a power input of 1 W.  

Although the drop is not attached, it has affected the 

temperature of the top plate. As a result, the temperature of the 

peripheral regions of the top plate is higher than the central 

regions. If more heat conduction is needed to suppress a hot-

spot, the applied voltage must be now removed. As a result, the 

drop will rise until it attaches the top plate; this will increase 

the value of thermal conductivity between the top and bottom 

plates. Consequently, this procedure leads to a better cooling of 

the hot-spot seen in Fig. 14. 
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FIGURE 14. Temperature distribution of the system before (top) and 

after the attachment of the drop (bottom) when the voltage is removed, 

for a power input of 1 W. The free surface of the drop is shown with a 

black line inside the domain.  

Figure 15 shows the variation of the steady state temperature 

distribution of the top plate before and after the removal of the 

voltage. When the voltage is applied and the drop is detached 

from the top plate, the temperature on the axis of symmetry 

(   ) is 325 K. After the drop attachment, the temperature at 

this point decreases to 314 K. Also in the periphery of the top 

plate, the temperature decrease is obtained to be about 3 K 

which is less than the value of 11 K on the axis of symmetry. In 

addition, it is observed that this temperature decrease has 

occurred in about 4 seconds which is a considerable short time.  

 
FIGURE 15. Comparison between the temperature distribution of the 

top plate in the radial direction before and after the voltage removal, 

for a power input of 1 W. 

To study the effects of the heat power intensity, the power is 

doubled to a value of 2 W. Figure 16 shows the temperature 

distribution for the top wall in the radial direction during the 

time that the voltage is applied and the drop is not attached to 

the top plate. It is clear that the temperature values on the axis 

of symmetry and in the peripheral regions of the top wall are 

higher in comparison with the previous case with a power input 

of 1 W. An increase of 25 K can be seen on the axis of 

symmetry because of the increase of the power input.  

 
FIGURE 16. Temperature distribution of the top plate in the radial 

direction before the attachment of the drop, for a power input of 2 W. 

 
FIGURE 17. Temperature distribution of the system before (top) and 

after the attachment of the drop (bottom) when the voltage is removed, 

for a power input of 2 W. The free surface of the drop is shown with a 

black line inside the domain. 
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To increase the rate of heat transfer from the top plate in this 

case, the voltage should be removed similarly such that the 

drop will attach to the top plate. Figure 17 shows this action in 

which the temperature of the top plate experienced a 21 K 

decrease on the axis of symmetry. Also, the temperature at the 

periphery of the top plate decreased from 391 K to 385 K 

which shows that the effectiveness of the drop is higher in the 

regions where it is in contact with the top plate. 

The comparison between the temperature distributions for the 

attached and detached conditions is demonstrated in Fig. 18. 

Similarly, the temperature of the central region of the top plate 

experienced a 21 K decrease, while this value for the peripheral 

region is only 6 K. It can be seen that the temperature of the 

part of the top plate in contact with the drop, is nearly constant 

against the radius of the top plate.  

 
FIGURE 18. Comparison between the temperature distribution of the 

top plate in the radial direction before and after the voltage removal, 

for a power input of 2 W. 

Based on the results presented above, it can be concluded that 

under similar conditions, the ability of the drop to reduce the 

temperature increases by adding more heat power to the top 

plate. As a result, the 6 µL drop is capable of cooling a hot spot 

with a 10mm
2
 surface area and power input of 1 W by 11 K, 

whereas this value for a 2 W hot-spot can increase to 21 K.    

CONCLUSION 

In this paper, the possibility of designing an EWOD-based 

system was investigated by employing liquid metal drops in 

cooling of hot-spots in electronic devices. An experimental 

setup was designed to obtain the values of contact angle, apex 

and contact radius of a mercury drop with various sizes. These 

values were collected using a simple image-processing 

technique to study the behavior of the drop under a 240V 

electrical potential. The experimental results demonstrated that 

in comparison with a 6 µL drop, the obtained values for the 

contact angle and apex are less repeatable for a 2.8 µL drop. 

This finding suggested that the behavior of smaller drops under 

an applied voltage are influenced by the contact angle 

hysteresis and pinning phenomena and, therefore, smaller drops 

are not advised for a hot-spot cooling purpose. In addition, a 

numerical method was developed to simulate the electrowetting 

phenomenon in combination with the heat transfer formulations 

to study the effects of a drop in cooling hot-spots with various 

heat power inputs. Using this method, the profile of a 6 µL drop 

was simulated with and without an applied voltage of 240V and 

compared well with the experimental results. In addition, the 

results of the hot-spot simulation showed that a 6 µL drop is 

capable of cooling a hot-spot with a heat flux as high as 2 W 

out of a surface area of 10 mm
2
 from 350 K to 328 K.  
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