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ABSTRACT OF THE THESIS 

 

 

A Magnetomechanical Thermal Energy Harvester 

With A Reversible Liquid Interface 

 

by 

 

Hong He 

Master of Science in Mechanical Engineering 

University of California, Los Angeles, 2012 

Professor Y. Sungtaek Ju, Committee Chair 

 

 

 

A device that has the potential to provide electrical power to wireless sensors is 

investigated in this thesis. The device uses a ferromagnetic material to exploit the 

temperature difference between a heat source and a heat sink to produce oscillating 

motions and temperature polarizations, which can then be converted into electrical energy 

by piezoelectric materials and pyroelectric materials, respectively. One advantage of the 

proposed device is that it can exploit the characteristics of both piezoelectric materials 

and pyroelectric materials to harvest waste heat energy; therefore, it is expected to have 
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potential high power output and conversion efficiency. Furthermore, the advantages of 

the reversible liquid interface can be exploited in this device to improve its performance. 

The work presented in this thesis uses a coupled thermal and mechanical 

mathematical model to optimize the design of the proposed device. Three important 

parameters used in the mathematical model, the spring constant, the capillary force and 

the magnetic force, are calculated and then validated with experimental results to ensure 

that the modeling predictions match the actual behaviors of the device. 

The mathematical model is then solved, and the modeling results are validated 

with experimental results to confirm that the model is able to correctly predict the 

behaviors of the device with reasonable levels of accuracy. The oscillation frequency is 

an important parameter for the device operation because a higher oscillation frequency 

means that more electrical energy can be collected in a given amount of time. Thus, the 

oscillation frequency is used as an index to evaluate the performance of the device. A 

parametric study is conducted for some design parameters, including the liquid volume of 

the reversible liquid interface, the total gap distance and the cold surface temperature, to 

attempt to increase the oscillation frequency. The mathematical model predicts that the 

device can achieve a relatively high oscillation frequency when the optimized design 

parameters are used. 

A thermal energy harvester using a ferromagnetic material with a reversible liquid 

interface is then physically built. Experiments are performed to study the effect of the 

reversible liquid interface on the performance of the device, and the results indicate that 

the reversible liquid interface can effectively increase the oscillation frequency in the low 
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hot surface temperature region. Finally, when the optimized design parameters predicted 

by the mathematical model are applied, the device achieves a maximum oscillation 

frequency of 8.3Hz at a hot surface temperature of 41.8oC. 
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Chapter 1. Introduction 

 

1.1 Thermal energy harvester 

 

Wireless sensor networks (WSN) have a variety of applications in different areas, 

such as environmental, structural, medical and military monitoring, and have been the 

focus of a large amount of research in past decades [1-2]. Networks of wireless sensors 

are used to sense and transmit data at many points over a given area, often in remote 

areas in which maintenance is difficult. Because these sensors are shrinking in size and 

becoming integrated onto small areas due to more advanced microfabrication 

technologies, long-lasting power supplies are necessary for these sensors to operate 

autonomously. To achieve the objective of developing such power supplies, energy 

harvesting from the environment of the sensor is essential. Commonly used mechanisms 

for energy harvesting in wireless sensors involve the conversion of mechanical vibrations, 

radio frequency waves and temperature gradients into electrical energy [3]. 

Vibration-based energy harvesters are devices that convert the energy of 

mechanical vibrations into electrical energy. The widely used conversion mechanisms in 

vibration-based energy harvesters are electromagnetic, piezoelectric, and electrostatic. An 

electromagnetic transducer has a magnet and a coil, and their relative motion as a result 

of vibration induces an electric current in the coil according to Faraday’s law. Some 

electromagnetic energy harvesters [4, 5] have been proposed and implemented. 
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Piezoelectric transducers use piezoelectric materials as springs, and the mechanical strain 

in the piezoelectric materials produces a voltage difference. A series of piezoelectric 

energy harvesters with different structures have been developed [6, 7]. Electrostatic 

transducers have two parallel plates that form a variable capacitor. An environmental 

vibration results in a change in the capacitance by changing the distance between or the 

overlapping area of the two plates. The capacitor can be either charge constrained, where 

the voltage changes as the capacitance changes, or voltage constrained, where the charge 

changes as the capacitance changes. Some prototypes of electrostatic energy harvesters 

have been developed [8, 9]. However, vibration-based energy harvesters are only suitable 

for environments in which lasting vibrations exist. The vibration sources are often 

unsteady, and thus, a storage system is necessary to provide a continuous power source. 

In many urban environments, there is background RF radiation due to 

telecommunication antennas and other radiation-emitting devices [10]. These waves have 

electromagnetic energy, which can be converted into electrical energy to provide power 

for wireless sensors with specific types of circuits. The major challenge for RF power 

generation is the low power density of this type of radiation. Furthermore, the incident 

power density in the far field is inversely proportional to the square of the distance from 

the source [11]. Therefore, RF energy harvesters that are far from RF sources are not able 

collect sufficient energy to power wireless sensors. 

Thermal energy is another potentially abundant energy source for wireless sensors. 

Thermal energy can be converted into electrical energy in different ways. Thermoelectric 

power generators convert thermal energy into electrical energy directly. They utilize the 



3 
 

Seebeck effect to generate electrical currents in the presence of temperature gradients. 

However, the power output and the efficiency of thermoelectric power generation are low 

[12]. Thermoelectric power generation requires a large temperature gradient and is not 

suitable for applications in environments in which the temperature gradients are small 

[13]. Pyroelectric generation is another mechanism, where pyroelectric materials are used 

to generate electrical energy when the temperature varies over time [14]. 

This thesis presents a magnetomechancal thermal energy harvesting device that 

uses a ferromagnetic material, which was first proposed in the literature [15]. It is a two-

step device that first converts thermal energy into mechanical energy and then converts 

the mechanical energy into electrical energy using piezoelectric materials. The simulation 

results obtained from a numerical model predict that the device could have a potential 

high power density with a small temperature gradient using the thermal interface [16, 17]. 

In addition to piezoelectric materials, pyroelectric materials can also be exploited in this 

device to further improve its power output and conversion efficiency. 

1.2 Reversible liquid interface 

 
Thermal transport across a solid-solid interface is often limited by the surface 

roughness, which reduces the actual contact area and traps a layer of air in between the 

surfaces, thus increasing the thermal resistance of the solid-solid interface. A large 

loading pressure (~1MPa) is necessary to achieve a small thermal contact resistance 

(10−4m2·K/W), even for micromachined silicon surfaces with nanometer-scale roughness 

[18]. Carbon nanotubes have been exploited as thermal interface materials due to their 
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high thermal conductivities[19]. However, a high loading pressure (0.445MPa) is still 

necessary to obtain a small thermal contact resistance (19.8mm2K/W) because only a 

small fraction of the carbon nanotubes are in contact with the opposing surface. 

Furthermore, the thermal interface is not reversible due to the strong adhesion between 

the carbon nanotubes and the opposing surface [20]. 

A liquid interface can provide a small thermal contact resistance (5×10−5m2K/W) 

with a low loading pressure (1kPa) [21] because liquid is capable of making complete 

contact with solid surfaces and thus prevents a layer of air from being trapped between 

the solid surfaces. A liquid interface is also capable of overcoming some of the 

disadvantages of direct solid-solid contact interfaces, such as fracture, cold welding, and 

other failure mechanisms. Moreover, surface tension dominates over gravity at the 

microscale, and thus, the morphologies of the parallel columns of a dielectric liquid 

confined in microchannels can be reversibly changed, resulting in rapid and reliable 

thermal switching. However, the rupture distances of liquid bridges are often of similar 

magnitude to the lengths of the microchannels, which are typically ~1 mm, thus limiting 

the use of liquid interfaces in applications where limited actuation ranges or rapid thermal 

cycling are required. An alternative design that replaces microchannels with discrete 

circles to reduce the rupture distance has been reported [22]. This new design reduced the 

liquid volume for each discrete droplet, which determines the rupture distances of the 

liquid bridges. 

A reversible liquid interface has potential applications in some thermal energy-

related devices, including micro-bolometers, pulsed thermoelectric cooling devices, 



5 
 

solid-state electrocaloric refrigerators, pyroelectric waste heat harvesters, and satellite 

thermal management devices. Cha et al. demonstrated a pyroelectric energy harvester that 

incorporates a reversible liquid interface [23]. The material-level power densities of the 

device are on the order of 100 mW/cm3 when thermodynamic cycle frequencies are on 

the order of 1 Hz. Jia et al. reported a solid-state refrigerator based on the electrocaloric 

effect [24] in which a reversible liquid interface was used to achieve reliable high-

contrast thermal switching between an electrocaloric material and a heat source/sink.  

This thesis will exploit the reversible liquid interface to improve the thermal 

energy transfer in a thermal energy harvester using a ferromagnetic material. 

1.3 Principle of the device 

 
Figure 1.1 shows a schematic of the thermal energy harvester with a reversible 

liquid interface. The thermal energy harvester is composed of a heat sink, a spring frame 

with a gadolinium plate placed in its center, a reversible liquid interface, a permanent 

magnet, and a heat source.  

Gadolinium is a ferromagnetic material, and it has the special characteristic that 

its magnetization is temperature dependent: its magnetization increases when the 

temperature decreases and decreases when the temperature increases. As the gadolinium 

plate comes into contact with the surface of the heat sink, it cools. The magnetization of 

the gadolinium plate thus increases, and the magnetic force between it and the permanent 

magnet also increases. When the magnetic force exceeds the spring force exerted by the 

spring arm, the gadolinium plate begins to move toward the heat source, eventually 
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touching the liquid droplet and pressing down on to form a liquid film. The gadolinium is 

heated, and the magnetic force decreases. Once the spring force is greater than the sum of 

the magnetic force and the capillary force exerted by the liquid interface, the gadolinium 

plate moves away from the heat source. The liquid bridge then ruptures, and the liquid 

droplet recovers its original morphology due to surface tension. This process is repeated, 

and the gadolinium plate oscillates between the heat sink and the heat source. The 

oscillating motion of the gadolinium plate not only creates strains in the spring arm but 

also produces temperature polarizations. If the spring arm is coated with piezoelectric 

materials or is composed of piezoelectric materials, the strains in the spring arm will 

produce a voltage output. Similarly, if the gadolinium plate is coated with pyroelectric 

materials, the temperature polarizations will induce a voltage output. 

 

 

Figure 1.1 Schematic diagram of the thermal energy harvester with a reversible 

liquid interface 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1.2 The morphological transitions of a liquid interface when the gadolinium 

plate approaches the substrate: (a) a liquid droplet is confined in the hydrophilic 

area; (b) a liquid bridge forms and has a negative mean curvature; (c) the liquid 

bridge has a positive mean curvature, but the droplet is still confined within the 

hydrophilic region; (d) the droplet spreads out of the hydrophilic region 

 
Figure 1.2 presents the morphology of a liquid interface as it changes when the 

gadolinium plate moves toward the substrate. The droplet is initially confined in the 

hydrophilic area to minimize its surface energy (figure 1.2a). When the gadolinium plate 

makes contact with the liquid droplet, a liquid bridge with a negative mean curvature is 
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formed (figure 1.2b). As the gadolinium plate continues to approach the substrate, the 

contact angle increases until it reaches the advancing contact angle. The mean curvature 

of the liquid bridge gradually becomes positive, but the contact line is still pinned at the 

edges of the pattern (figure 1.2c). If the gadolinium plate continues to approach the 

substrate, the liquid droplet is pressed out of the pattern to form a thin liquid film (figure 

1.2d). Finally, if the gadolinium plate moves away from the substrate, the liquid film 

recovers its original morphology due to surface tension. 
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Chapter 2. Calculations and experimental validations of the 

model parameters 

 

2.1 Introduction 

 
In this chapter, several important parameters in the coupled thermal and 

mechanical numerical model are calculated and then validated by experimental results. 

These parameters include the spring constant of the spring frame, the capillary force 

produced by the reversible liquid interface, and the magnetic force. 

2.2 Spring constant of the spring frame 

 
A mathematical model is set up with the finite-element analysis software 

COMSOL Multiphysics to calculate the spring constant of the spring frame, as illustrated 

in figure 2.1. The outer frame of the spring frame is attached to the stage. The inner 

square of the spring frame is the actuation plate, and it can move up and down. The 

gadolinium plate is placed in the central blank region of the actuation plate. The slim bar 

connecting the outer frame and the actuation plate is the spring arm, and deformation of 

the spring arm induces a spring force. A force is applied to the actuation plate, and the 

displacement of the actuation plate is predicted by the software. The spring constant is 

then calculated by Hooke’s law 

F
k

x
      (2.1) 
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where F is the applied force and x is the corresponding displacement. 

The spring frames fabricated for the thermal energy harvester are composed of an 

alloy of BeCu. The material properties are chosen from the material library of the 

simulation software. The dimension of the spring frame (frame 1 in the experiments) was 

measured with a caliper, which has a precision of ±0.01 mm. The simulation result is 

presented in figure 2.4 and is in agreement with the experimental result. The spring 

constant found by the simulation is 201.0N/m, while the experimental result is 205.7N/m. 

 

 

Figure 2.1 The model used to calculate the spring constant of the spring frame: the 

spring arm is deformed when force is applied to the actuation plate (the central 

square)  
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Figure 2.2 Spring constants found in the simulation and the experiment: the 

simulation result is 205.7N/m, and the experimental result is 201.0N/m 

 
Figure 2.3 shows the experimental setup used to measure the spring constants of 

the spring frames. The spring frames are attached to a cantilever. Then, the spring arms 

are deformed by hanging weights on the actuation plates, and the deformations are 

optically recorded using a camera. Because the deflections are calculated using images 

recorded by the camera, there is an uncertainty in the deflection measurement of ±0.016 

mm due to the two boundary pixels in the images. Two spring frames that were fabricated 

in the same batch as the one used in the thermal energy harvester are measured. The 

spring constant of frame 1 is 205.7N/m and that of frame 2 is 198.4N/m, as is illustrated 

in figure 2.4. Therefore, the design spring constant of the spring frame used in the 

thermal energy harvester is 200N/m, and the actual value is within ±2.85% of the design 

value. 
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Figure 2.3 Experimental setup for the measurement of the spring constants: the 

spring frames are deformed by weights, and the deformations are recorded optically 
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Figure 2.4 Spring constants of two spring frames: the spring constant of frame1 is 

205.7N/m, the spring constant of frame2 is 198.4N/m, and the average value is 

202.1N/m 

 

2.3 Capillary force produced by the reversible liquid interface 

 
The surface morphology transitions of the liquid interface include two periods: 

the droplet state and the film state. In the droplet state, the liquid droplet is confined 

within the hydrophilic area. The capillary force produced by the liquid interface in this 

state is calculated using the Surface Evolver model. In the film state, the liquid droplet is 

pressed out of the pattern and forms a layer of liquid film. The capillary force in this state 

is calculated using an analytical model, as shown schematically in figure 2.5. 

 

Figure 2.5 Schematic diagram of the analytical model to calculate the capillary force 

in the film state 

The total force produced by the liquid interface comprises the Laplace pressure 

and the surface tension. According to the Young-Laplace equation, the Laplace pressure 

can be calculated as 

 
1 2

2cos1 1 L
P

R R L V

   
  

          
   (2.2) 
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where   is the surface tension coefficient of the liquid-air interface, 1R  and 2R  

are the curvature radii of the liquid-air interface, L  is the gap distance between the 

actuation plate and the substrate,   is the contact angle of the liquid on solid surfaces, 

and V  is the liquid volume. 

The force induced by the Laplace pressure in the vertical direction is 

 
2

2cos 2cos
p

L V V
F PS V

L V L L L

     
    

           
   

 (2.3) 

The surface tension along the vertical direction is 

 22 sin 2 sins

V
F R

L
     


      (2.4) 

The total force in the vertical direction is 

2

2cos
2 sins

V V
F V

L L L

    



     (2.5) 

Experiment is performed to validate the simulation result for the force produced 

by the liquid interface in the film state, as shown in figure 2.6. The simulation result 

agrees with the experimental result very well, which indicates that the analytic model is 

precise. Moreover, when the total gap distance is small the total force is negative, 

meaning the total force is repulsive. The total force comprises the surface tension and the 

Laplace pressure. The surface tension is attractive; the Laplace pressure is attractive 

when the curvature of the liquid bridge is negative and repulsive when it is positive. 

When the gap decreases to a small value, the Laplace pressure is dominant, and because 

the curvature of the liquid bridge is positive, the total force is repulsive.  
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Figure 2.6 Experimental validation of the simulation result for the capillary force 

produced by the liquid interface in the film state: negative sign means the total force 

is repulsive 

 
Figure 2.7 shows the capillary forces produced by the liquid interfaces in the film 

state when the liquid volumes are 0.10 µL, 0.17 µL and 0.24 µL, which are the same 

liquid volumes used in the thermally and mechanically coupled mathematical model. It 

reveals that a larger liquid volume results in a larger capillary force for a constant gap 

distance, and when the gap distance is decreased, the difference becomes more 

pronounced. This effect can be explained using equation 2.5. When the gap distance is 

small, the second term in equation 2.5 dominates the total force, as shown in equation 2.6. 

Equation 2.6 indicates that the total force increases as the liquid volume increases, and 

the negative sign indicates that the total force is repulsive.  
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Figure 2.7 Comparison of capillary forces produced by liquid interfaces with 

different liquid volumes of 0.10 µL, 0.17 µL, and 0.24 µL in the film state 

 
A mathematical model built with Surface Evolver is used to calculate the capillary 

force produced by the liquid interface in the droplet state. Surface Evolver is an 

interactive computer program for the study of surfaces affected by surface tension and 

other energies. It evolves the surface down the energy gradient under certain constraints 

to minimize the energy of the surface. Figure 2.8 shows the surface morphology of a 

liquid droplet obtained using Surface Evolver. The surface is represented as a simplicial 

complex. Table 2.1 shows that the rupture distance of the liquid bridge increases as the 

liquid volume increases according to the simulation results. 
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Figure 2.8 Surface morphology of a liquid droplet obtained using Surface Evolver 

Table 2.1 Rupture distances of the liquid bridges with different liquid volumes 

predicted by the Surface Evolver model 

Parameter Volume1 Volume2 Volume3 
volume/ µL 0.10 0.17 0.24 

rupture distance/ mm 0.305 0.436 0.509 
 

2.4 Magnetic force 

 
The magnetic force is measured and fitted as is described in the literature [16], as 

shown in figure 2.9. The expression of the fit is presented in equation 2.7 [16]. However, 

the gadolinium plate used to measure the magnetic force is not available for use in the 

experimental setup of the thermal energy harvester. Therefore, the magnetic forces are 

measured at several points using the current experimental setup of the thermal energy 

harvester to validate equation 2.7, as shown in table 2.2. Table 2.2 shows that the 
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magnetic force according to equation 2.7 should be reduced by approximately 10% to fit 

the actual value. 
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Figure 2.9 Experimental and analytical fit for the magnetic force vs. the magnet 

spacing for different gadolinium temperatures. The dots represent the experimental 

data, and the lines represent the modeling fit. [16] 
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Table 2.2 Comparison of the magnetic forces according to the experimental 

measurement and the expression of the fitting curve 

Parameter Point1 Point2 Point3 
position/ mm 0.788 0.732 0.676 

measuring data/ mN 151.9 160.0 169.7 
modeling data 170.9 182.1 194.1 

measurement/model 0.89 0.88 0.87 
model-measurement 18.996 22.12 24.42 
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Chapter3. Modeling validation and investigation 

 

3.1 Introduction 

 
In this chapter, a coupled thermal and mechanical model is used to optimize the 

design of a thermal energy harvester with a reversible liquid interface. The simulation 

results are validated with experimental results, confirming that the model can correctly 

predict the behaviors of the device with reasonable levels of accuracy. 

3.2 Model description 

 
A mathematical model has been developed that simultaneously solves coupled 

thermal and mechanical equations for a thermal energy harvester without a reversible 

liquid interface by Bulgrin [16, 17]. This mathematical model is improved to include the 

reversible liquid interface. 

There are a total of four forces exerted on the actuation plate: the spring force, the 

magnetic force, the gravitational force, and the capillary force. Among these four forces, 

the interplay of the two main forces results in the oscillation of the actuation plate as 

follows: the spring force brings the actuation plate up to the surface of the heat sink, and 

the magnetic force between the permanent magnet and the gadolinium plate brings the 

actuation plate down to the surface of the heat source. When the liquid bridge connecting 

the actuation plate and the hot surface has a positive curvature and the Laplace pressure 

dominates over the surface tension, the liquid interface provides a repulsive force to repel 
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the actuation plate. The minimum thickness of the liquid film is determined by the force 

balance of the four forces. However, if the surface tension dominates over the Laplace 

pressure, the liquid interface provides an attractive force to pull the actuation plate down. 

The total force in the vertical direction is given by 

tot spr mag gra capF F F F F        (3.1) 

where sprF  is the spring force, magF  is the magnetic force, graF  is the gravitational 

force, and capF  is the capillary force. The spring force can be calculated with Hooke’s law, 

and the magnetic force is modeled by creating an analytical fit of the experimental data. 

The capillary forces are calculated differently for different liquid states: in the droplet 

state, the capillary force is calculated with an analytical fit of the simulation data from the 

Surface Evolver model, and in the film state, the capillary force is calculated with the 

analytical model. The methods to calculate and validate the three forces are discussed in 

detail in chapter 2. 

The position of the actuation plate can be calculated by Newton’s second law [16, 

17] 

2

2pl tot

d x
m F

dt
      (3.2) 

where plm  is the mass of the actuation plate. 

When the gadolinium plate is heated by the heat source or cooled by the heat sink, 

a lumped capacitance model is used to calculate the temperature. The heat transfer via 

radiation and convection is neglected to simplify the mathematical model. The 

temperature of the gadolinium plate is determined by the following equation [16, 17]  
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 /Gd p hs cs c Gd

dT
m c T T C A

dt
                          (3.3) 

where Gdm , pc , and GdA  are the mass, the specific heat and the area of the 

gadolinium plate, respectively, and cC  is the thermal contact conductance between the 

gadolinium and the cold surface or the thermal contact conductance of the liquid interface. 

It is difficult to model the thermal contact conductance of the liquid interface 

because the morphology of the liquid bridge changes with the position of the actuation 

plate. However, heat transfer through the liquid bridge occurs mainly when a thin layer of 

liquid film is formed because this morphology has a larger thermal conductance. It is 

therefore assumed that the thermal contact conductance of the liquid interface is the value 

when the liquid interface achieves its minimum thickness 

, 2c l

S V
C

L L
              (3.4) 

where   is the thermal conductivity of the liquid, V  is the liquid volume, and L

is the minimum thickness of the liquid film. 

The force balance equation, given in equation 3.1, for the position at the cold 

surface is first solved to obtain the cold actuation temperature, which is the temperature 

of the gadolinium plate when it leaves the cold surface. With the cold actuation 

temperature as a known parameter, equation 3.1 is solved for a position near the hot 

surface to obtain the minimum thickness of the liquid film. Then, the coupled thermal and 

mechanical equation group is solved simultaneously using Euler’s method to predict the 

position and temperature of the gadolinium plate. Finally, the oscillation frequency of the 

device is calculated. 
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3.3 Model validation 

 
The minimum thickness of the liquid film predicted by the model is in agreement 

with the experimental result, as shown in figure 3.1. This agreement indicates that the 

mathematical model is able to accurately predict the minimum thickness of the liquid 

interface. As shown in this figure, a larger liquid volume results in a larger minimum 

thickness of the liquid film because a larger liquid volume produces a larger capillary 

force, as demonstrated in figure 2.8d. Figure 3.2 shows that a larger liquid volume leads 

to a larger maximum area of the liquid film, and table 3.1 presents the modeled thermal 

conductance and the experimental thermal conductance for different liquid volumes. The 

results of both the model and the experiment indicate that the thermal conductance of the 

liquid interface decreases with increasing liquid volume because the minimum thickness 

of the liquid film increases with increasing liquid volume and that the thermal 

conductance dominates over the liquid volume in equation 3.4. 
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Figure 3.1 Comparison of the minimum thicknesses of the liquid film determined by 

the model and the experiment for different liquid volumes 
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Figure 3.2 Comparison of the maximum areas of the liquid film determined by the 

model and the experiment for different liquid volumes 

 

Table 3.1 The thermal conductances determined by the model and the experiment 

for different liquid volumes  

Parameter Volume1 Volume2 Volume3 
Volume/µL 0.10 0.17 0.23 

thermal conductance of simulation 
(W/K) 

0.0485 0.0478 0.0474 

thermal conductance of experiment 
(W/K) 

0.0519 0.0462 0.0440 

 
 

The modeled oscillation frequency and the hot residence time are validated by 

three groups of experimental results for different total gap distances, as shown in figures 
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3.3, 3.4 and 3.5. The modeled oscillation frequency exhibits a trend similar to that of the 

experimental results, and these two results are nearly in agreement, which indicates that 

the model is able to serve as a tool to evaluate the performance of the device. The hot 

residence time determined by the model is in agreement with the experimental result, 

which proves that the simplification used to calculate the thermal conductance of the 

liquid interface is reasonable and acceptable. 
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(a) Oscillation frequency vs. hot surface temperature 
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(b) Hot residence time vs. hot surface temperature 

Figure 3.3 Comparison of the frequencies and the hot residence times determined by 

the model and the experiment when the total gap distance is 1.40 mm: (a) oscillation 

frequency vs. hot surface temperature; (b) hot residence time vs. hot surface 

temperature 
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(a) Oscillation frequency vs. hot surface temperature 
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(b) Hot residence time vs. hot surface temperature 

Figure 3.4 Comparison of the frequencies and the hot residence times determined by 

the model and the experiment when the total gap distance is 1.28 mm: (a) oscillation 

frequency vs. hot surface temperature; (b) hot residence time vs. hot surface 

temperature 
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(a) Oscillation frequency vs. hot surface temperature 
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(b) Hot residence time vs. hot surface temperature 
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Figure 3.5 Comparison of the frequencies and the hot residence times determined by 

the model and the experiment when the total gap distance is 1.21 mm: (a) oscillation 

frequency vs. hot surface temperature; (b) hot residence time vs. hot surface 

temperature 

 

3.4 Modeling investigation 

 
As shown in figure 3.6, the results predicted by the mathematical model indicate 

that the oscillation frequency of the device increases as the volume of the liquid interface 

increases. This is because a smaller liquid volume results in a larger thermal contact 

conductance between the gadolinium and the hot surface, as presented in table 3.1. Thus, 

the time required to heat the gadolinium is reduced and the oscillation frequency of the 

device is increased. 
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Figure 3.6 Oscillation frequency vs. hot surface temperature for different liquid 

volumes. For all three simulations, the other parameters were kept constant, with 

the exception of the liquid volume  

 
The total gap distance is also optimized with the mathematical model. An 

optimized liquid volume, 0.08 µL, is used in the simulations. As shown in figure 3.7a, the 

oscillation frequency of the device increases as the total gap distance decreases because 

the difference between the hot actuation temperature and the cold actuation temperature 

decreases as the total gap distance decreases. Therefore, the gadolinium requires less time 

to be heated at the hot side or cooled at the cold side. This explanation is confirmed by 

figure 3.7b, which shows that the hot residence time decreases as the total gap distance 

decreases. In addition, a small total gap distance also requires a small liquid volume; 

otherwise, the liquid bridge cannot rupture. 
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(a) Oscillation frequency vs. hot surface temperature 
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(b) Hot residence time vs. hot surface temperature 

Figure 3.7 Modeling prediction of the effects of different total gap distances on the 

oscillation frequency and the hot residence time: (a) oscillation frequency vs. hot 

surface temperature; (b) hot residence time vs. hot surface temperature. In the three 

simulations, all parameters except total gap distance are kept constant. 

 
Using the optimized liquid volume and total gap distance parameters, the cold 

surface temperature is further optimized to maximize the oscillation frequency, as shown 

in figure 3.8. Figure 3.8 shows that the device achieves a higher oscillation frequency at a 

lower cold surface temperature because the gadolinium requires less time to be cooled at 

the cold side when the cold surface temperature is lower. 
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Figure 3.8 Modeling prediction of the effects of different cold surface temperatures 

on the oscillation frequency of the device. In the three simulations, all parameters 

except liquid volume are kept constant. 

 
In conclusion, the oscillation frequency is the parameter used to evaluate the 

performance of the device, the results predicted by the mathematical model lead to the 

following conclusions: a liquid interface with a smaller liquid volume is preferred 

because it results in a larger thermal contact conductance and a smaller rupture distance, 

a smaller total gap distance is preferred because it reduces the time required for the 

gadolinium to be heated on the hot surface and cooled on the cold surface, and a lower 

cold surface temperature is preferred because it reduces the time required for the 

gadolinium to be cooled on the cold surface. 
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Chapter 4. Experimental setup and investigation 

 

4.1 Introduction 

 
In this chapter, a thermal energy harvester with a reversible liquid interface is 

physically built. The device is constructed step by step according to the optimized results 

obtained from the mathematical model. Experiments are performed to evaluate the effect 

of the reversible liquid interface on the oscillation frequency of the device. The 

experimental results are also used to validate the predictions made by the mathematical 

model. 

4.2 Experimental setup 

 
The experimental setup of the device is illustrated in figure 4.1. Two Peltier 

devices are stacked together to act as a cooling pump to cool the cold surface. The hot 

side of the top Peltier device is attached to a small fan to remove the excess thermal 

energy and prevent burning of the Peltier devices. The temperature of the cold surface is 

controlled by adjusting the power supplies of the Peltier devices and the fan. The 

gadolinium plate is attached to the central region of the actuation plate of the spring 

frame with a strong adhesive. The cooling surface and the spring frame are then fixed on 

an adjustable stage such that the total gap distance is controlled by adjusting the stage. 

For the hot side, a ceramic heater with an area of 1 cm×1 cm is used as the heat source. 

The temperature of the hot surface is then controlled by the power supply of the heater. A 
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permanent magnet is attached to the heater with thermal grease. The ceramic heater and 

the permanent magnet are then packaged with room temperature vulcanized rubber to 

reduce the heat dissipation. A digital camera is used to record the oscillating motion of 

the actuation plate, and a light-emitting diode is used to illuminate the device for the 

camera. 

 

 

Figure 4.1 Experimental setup of the device 

 
A self-developed fabrication method is used to fabricate a hydrophilic pattern on a 

Teflon-coated silicon substrate for the reversible liquid interface, as illustrated in figure 

4.2. First, a PDMS column is molded with a plastic glass plate as the mold. PDMS is an 

important polymer material that is widely used in microfluidics and BioMEMS. Second, 

the PDMS column is attached to a silicon substrate using the innate adhesive 

characteristics of PDMS. The Teflon solution is then painted onto the silicon substrate 
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with a brush. Finally, the PDMS column is peeled off, revealing the resultant hydrophilic 

pattern on the substrate. 

According to the traditional fabrication method [25, 26], a layer of Teflon is spin-

coated onto a substrate and then a photoresist is used as a mask. Reactive ion etching 

(RIE) is then used to create the pattern. Because of the hydrophobicity of Teflon, spin-

coating a layer of photoresist onto the Teflon layer is somewhat difficult. Thus, a brief 

RIE step is generally used to roughen the surface of the Teflon to improve the adhesion 

of the photoresist onto the Teflon layer. However, this roughening compromises the 

surface hydrophobicity of the Teflon layer. Compared with the traditional method, the 

method developed in this work has the following advantages: it does not compromise the 

surface hydrophobicity of the Teflon layer, requires less time and is relatively simple and 

inexpensive because no clean room is required. A fabricated sample is shown in figure 

4.3, and the pattern is a nearly perfect circle. Figure 4.4 shows a liquid droplet that is 

initially confined within the pattern. 

 

 
(a) Molding a PDMS column 

 
(b) Painting the Teflon solution 
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(c) Peeling off the PDMS column 

Figure 4.2 Steps required to fabricate a pattern on a silicon substrate for the liquid 

interface: (a) molding a PDMS column; (b) painting the Teflon solution; (c) pattern 

remaining on the substrate after the PDMS column is removed 

 

 

Figure 4.3 Photograph of the fabricated sample revealing that the pattern is a nearly 

perfect circle  
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Figure 4.4 A liquid droplet initially confined within the hydrophilic area 

 

4.3 Experimental investigation 

 
The experimental results indicate that the reversible liquid interface can 

effectively improve the oscillation frequency of the device in the low-temperature region, 

as presented in figure 4.5. These results prove that the reversible liquid interface can 

achieve a larger thermal contact conductance than the direct solid-solid contact interface. 

Therefore, the gadolinium requires a shorter time to be heated on the hot surface, as 

illustrated in the low-temperature portion of figure 4.6. Figure 4.6 also shows that the 

reduction of the hot residence time decreases as the hot surface temperature is increased 

due to the larger temperature difference between the gadolinium and the hot surface. 

Therefore, the improvement in the oscillation frequency is decreased. 

However, figure 4.5 shows that the oscillation frequencies achieved when liquid 

interfaces are used are lower than the oscillation frequency when no liquid interface is 
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used in the high-temperature region. The videos of the experiments show that there is 

some liquid attached to the gadolinium surface that are possibly due to defects on the 

gadolinium surface, which will be discussed in appendix A. The liquid attached to the 

gadolinium surface increases the time required for heating and cooling the gadolinium. 

The increased time due to the attached liquid is greater than the time saved by using the 

liquid interface. Therefore, the oscillation frequency is decreased. Another possible 

reason is that the liquid interface results in more severe air conduction. 

Moreover, figure 4.5 shows that a liquid interface with a smaller volume increases 

the oscillation frequency of this device except in the low-temperature region. This result 

is in general agreement with the prediction made by the mathematical model. In the low-

temperature region of figure 4.5, a larger liquid volume results in a lower “turn-on” 

temperature for the device because the liquid interface with a larger volume has a longer 

rupture distance, which leads to a smaller total gap distance and therefore a higher “turn-

on” temperature for the device. This phenomenon is not clearly observable in the 

simulations because the liquid bridge is modeled as a thin layer of liquid film for heat 

transfer and the minimum thickness of the liquid film (~tens of microns) is negligible 

compared to the total gap distance (~1-2 mm). 
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Figure 4.5 Experimental oscillation frequency vs. hot surface temperature for 

different liquid volumes. The total gap distance is 1.46 mm, and the cold surface 

temperature is 15.5oC 
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Figure 4.6 Experimental hot residence time vs. hot surface temperature for different 

liquid volumes. The inset shows the high-temperature region of the large figure. The 

total gap distance is 1.46 mm, and the cold surface temperature is 15.5oC 

 
The equation of the lumped capacitance model (equation 3.3) can be solved to get 

the solution of the hot residence time, as shown in the following expression 

ln lnGd p ca hs ca hs
hot

l Gd ha hs ha hs

m c T T T T
t k

C A T T T T

 
 

 
                            (4.1) 

where term ln ca hs

ha hs

T T

T T




 is called as the temperature parameter, k  is the slope of 

the curve of the hot residence time versus the temperature parameter. 

Therefore, the effective thermal contact conductance of the liquid interface can be 

written as 

Gd p
l

l

m c
C

kA
                                                (4.2) 

Equation 4.2 indicates that the effective thermal contact conductance of the liquid 

interface is inversely proportional to the slope k . 

Figure 4.7a shows that the hot residence time first linearly increases as the 

temperature parameter increases, and then increases rapidly when the temperature 

parameter becomes larger. This result indicates that the effective thermal contact 

conductance of the liquid interface is not a constant, and increases as the hot surface 

temperature increases. This is because that the loading pressure of the gadolinium plate 

varies when its temperature changes, and thus the thickness and the thermal contact 
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conductance of the liquid interface changes over time. When the hot surface temperature 

is high, the gadolinium plate can be heated very quickly, therefore, the heat transfer 

process is able to finish before the liquid interface becomes thick, resulting in a larger and 

constant effective thermal contact conductance. This explanation is confirmed by figure 

4.7b. 

The effective thermal contact conductance of the liquid interface at high hot 

surface temperatures is approximately estimated with figure 4.7b, and it should be close 

to the maximum thermal contact conductance of the liquid interface. This conclusion is 

confirmed by table 4.1. Table 4.1 also shows that the effective heat transfer coefficients 

when liquid interfaces are used are much larger than that when no liquid interface is used. 

This result indicates that if the maximum area of the liquid interface can be increased 

without increasing the minimum thickness of the liquid interface, the oscillation 

frequency of the device can be further improved. 
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(b)  

Figure 4.7 Experimental hot residence time vs. temperature parameter for different 

liquid volumes. Figure (b) is the beginning region of figure (a). A low hot surface 

temperature corresponds to a higher hot surface temperature 

 

Table 4.1 Comparison of the effective thermal conductances and the maximum 

thermal conductances of the liquid interfaces for different liquid volumes 

Parameter Volume1 Volume2 Volume3 No liquid 
Volume/µL 0.10 0.17 0.23 ×× 

effective thermal conductance 
(W/K) 

0.0519 0.0430 0.0359 0.0443 

effective heat transfer coefficient 
(W/m2K) 

17642 11921 8750 1230 

maximum thermal conductance 
(W/K) 

0.0519 0.0462 0.0440 ×× 

maximum heat transfer coefficient 
(W/m2K) 

17647 12766 10714 ×× 
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The oscillation frequency of the device can be further improved by optimizing the 

total gap distance, as shown in figure 4.8. Figure 4.8 shows that the maximum oscillation 

frequency increases as the total gap distance decreases because the difference between 

the hot actuation temperature and the cold actuation temperature decreases. Thus, both 

the hot residence time and the cold residence time are reduced, as presented in figure 4.8 

for the hot residence time.  

Figure 4.9 shows that the reduction of the hot residence time decreases as the hot 

surface temperature decreases, similar to the trend observed in figure 4.6. At high surface 

temperatures, the differences of the hot residence times for different total gap distances 

are almost negligible while the differences in the frequencies are clear. This result 

indicates that the cold residence time dominates over the hot residence time for a single 

period of oscillation at high temperature. Thus, use of the liquid interface achieves a 

limited increase in the oscillation frequency at high hot surface temperatures. 
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Figure 4.8 Experimental oscillation frequency vs. hot surface temperature for 

different gap distances. The liquid volume is 0.08 µL, and the cold surface 

temperature is 15.5oC 
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Figure 4.9 Experimental hot residence time vs. hot surface temperature for different 

gap distances. The inset shows the high-temperature regionof the large figure. The 

liquid volume is 0.08 µL, and the cold surface temperature is 15.5oC 

 
In addition to optimizing the liquid volume and the total gap distance, the 

oscillation frequency of the device can be further increased by optimizing the cold 

surface temperature, as shown in figure 4.10. The device achieves a higher oscillation 

frequency at a lower cold surface temperature because the lower cold surface temperature 

reduces the cold residence time. The maximum oscillation frequency is approximately 

8.3Hz and is achieved at a hot surface temperature of 41.8oC. However, decreasing the 

cold surface temperature beyond this point results in some issues. One issue is that water 
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condensation can occur on the cold surface, which leads to the failure of the device 

operation. Furthermore, a lower cold surface temperature results in an increase of the hot 

residence time, as presented in figure 4.11, because the effects of air conduction, which 

cools the gadolinium at the hot side, become significant.  
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Figure 4.10 Experimental oscillation frequency vs. hot surface temperature for 

different cold surface temperatures. The total gap distance is 1.08 mm, and the 

liquid volume is 0.06 µL 
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Figure 4.11 Experimental hot residence time vs. hot surface temperature for 

different cold surface temperatures. The inset shows the high-temperature region of 

the large figure. The total gap distance is 1.08 mm, and the liquid volume is 0.06 µL 
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Chapter 5. Conclusions 

In this thesis, a thermal energy harvester using a ferromagnetic material with a 

reversible liquid interface is investigated. Simulations are performed to optimize the 

design of the device using a coupled thermal and mechanical mathematical model. The 

device is physically built, and its performance is evaluated. 

The experimental results for the spring constant, the capillary force and the 

magnetic force are in agreement with the calculated results, indicating that the 

estimations of the three parameters are precise. The calculated results show that the 

reversible liquid interface with a larger liquid volume yields a larger repulsive force and a 

longer rupture distance. 

The modeling results are in agreement with the experimental results, indicating 

that the model can correctly predict the behaviors of the device with reasonable levels of 

accuracy. The model predicts that a smaller liquid volume, a smaller total gap distance 

and a lower cold surface temperature are preferred to maximize the oscillation frequency 

of the device. 

The experimental results confirm that the reversible thermal interface can 

effectively improve the oscillation frequency in the low hot surface temperature region. 

Using the optimized design predicted by the mathematical model, the device achieves a 

maximum oscillation frequency of 8.3Hz at a hot surface temperature of 41.8oC. 

In the current device, the reversible thermal interface is only exploited on the hot 

surface to improve the thermal contact conductance between the gadolinium and the hot 

surface. In fact, a reversible thermal interface could also be adopted on the cold surface to 
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improve the thermal contact conductance between the gadolinium and the cold surface. 

Because the cold residence time dominates at higher hot surface temperatures, a 

reversible thermal interface on the cold surface will further improve the oscillation 

frequency in the high hot surface temperature region. 

This thesis only presents the prototype of a device that can oscillate properly. In 

future work, piezoelectric materials and pyroelectric materials will be exploited in the 

device to convert the mechanical energy and the temperature polarizations into electrical 

energy. 
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Appendix A: Hydrophobicity of the Teflon-coated gadolinium 

surface 

Gadolinium is relatively stable in dry air. However, it tarnishes quickly when 

moisture is present and a loosely adhering gadolinium oxide ( 2 3Gd O ) is formed, as 

described by the following equation [27] 

2 2 34 3 2Gd O Gd O      (A.1) 

Gadolinium oxide can react with hydrogen chloride to form the salt 3GdCl , which 

is a colorless, hygroscopicand water-soluble solid [28], through the reaction shown in the 

following equation 

2 3 3 26 2 3Gd O HCl GdCl H O      (A.2) 

Figure A.1 shows images of three gadolinium surfaces subjected to different 

treatments that were obtained using an optical microscope with 10x magnification. Figure 

A.1a shows the original gadolinium surface. The loosely adhering gadolinium oxide 

creates defects on the gadolinium surface, which can pin the contact line of a droplet [29]. 

Figure A.1b shows the gadolinium surface after polishing. The gadolinium was polished 

with an abrasive paper to obtain a smooth surface. There are some scratches on the 

surface that may also result in defects. Figure A.1c shows the gadolinium surface after 

reaction with hydrogen chloride. A solution of 2 M hydrogen chloride was used to treat 

the gadolinium, and the reaction time was approximately 1-2s. The gadolinium oxide was 

not completely removed, and the surface became rougher than the original surface. One 
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possible explanation is that the reaction rate is not uniform and thus creates roughness on 

the surface. 

 
(c) Original gadolinium surface 

 
(d) Gadolinium surface after polishing 

 
(e) Gadolinium surface after reaction with HCl 
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Figure A.1 Images of gadolinium surfaces obtained using an optical microscope 

(10x): (a) original gadolinium surface; (b) gadolinium surface after polishing; (c) 

gadolinium surface after reaction with HCl  

 
Figure A.2 shows the contact angles of the three gadolinium surfaces coated with 

Teflon. The contact angle of the original Teflon-coated gadolinium surface is 

approximately 110o, the contact angle of the Teflon-coated polished gadolinium surface 

is also approximately 110o, but the contact angle of the Teflon-coated HCl-treated 

gadolinium surface is increased to approximately 150o because, according to the Cassie-

Baxter model, a rougher surface increases the hydrophobic character of hydrophobic 

surfaces. 

 

 
(a) The contact angle of the original Teflon-coated gadolinium surface is 

approximately 110o 
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(b) The contact angle of the Teflon-coated gadolinium surface after polishing is 

approximately 110o 

 
(c) The contact angle of the Teflon-coated gadolinium surface after reaction with 

HCl is approximately 150o 

Figure A.2 Contact angles of the Teflon-coated gadolinium surfaces: (a) the contact 

angle of the original gadolinium surface is approximately 110o; (b) the contact angle 

of the gadolinium surface after polishing is approximately 110o; (c) the contact angle 

of the gadolinium surface after reaction with HCl is approximately 150o 

 
Although liquid does not adhere to a superhydrophobic surface, there may be 

several potential problems regarding the application of the Teflon-coated, HCl-treated 
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gadolinium in the device described here. One problem is that a layer of air is trapped 

between the liquid and the rough surface, which decreases the thermal contact 

conductance. Another problem is that gadolinium can also react with hydrogen chloride, 

as shown in equation A.3 [28]. Therefore, the magnetic force between the gadolinium and 

the permanent magnet is reduced. In conclusion, more experiments should be performed 

to determine whether the Teflon-coated, HCl-treated gadolinium is suitable for use in the 

device described in this work. 

3 2
33 2Gd HCl GdCl H      (A.3) 
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