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ABSTRACT 

Microfluidics is a promising technology that is increasingly attracting the 

attention of researchers due to its high efficiency and low-cost features. Micropumps, 

micromixers, and microvalves have been widely applied in various biomedical 

applications due to their compact size and precise dosage controllability. Nevertheless, 

despite the vast amount of research reported in this research area, the ability to 

implement these devices in portable and implantable applications is still limited. To 

date, such devices are constricted to the use of wires, or on-board power supplies, such 

as batteries. This thesis presents novel techniques that allow wireless control of passive 

microfluidic devices using an external radiofrequency magnetic field utilizing 

thermopneumatic principle. Three microfluidic devices are designed and developed to 

perform within the range of implantable drug-delivery devices. To demonstrate the 

wireless control of microfluidic devices, a wireless implantable thermopneumatic 

micropump is presented. Thermopneumatic pumping with a maximum flow rate of 

2.86 μL/min is realized using a planar wirelessly-controlled passive inductor-capacitor 

heater. Then, this principle was extended in order to demonstrate the selective wireless 

control of multiple passive heaters. A passive wirelessly-controlled thermopneumatic 

zigzag micromixer is developed as a mean of a multiple drug delivery device. A 

maximum mixing efficiency of 96.1% is achieved by selectively activating two passive 

wireless planar inductor-capacitor heaters that have different resonant frequency 

values. To eliminate the heat associated with aforementioned wireless devices, a 

wireless piezoelectric normally-closed microvalve for drug delivery applications is 

developed. A piezoelectric diaphragm is operated wirelessly using the wireless power 

that is transferred from an external magnetic field. Valving is achieved with a 

percentage error as low as 3.11% in a 3 days long-term functionality test. The 

developed devices present a promising implementation of the reported wireless 

actuation principles in various portable and implantable biomedical applications, such 

as drug delivery, analytical assays, and cell lysis devices. 
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CHAPTER 1  

INTRODUCTION 

1.1 Introduction 

Microelectromechanical systems (MEMS) is a promising technology that has 

enabled various sensors [1], actuators [2], electronics [3], and structures [4] to be 

realized. This consequently enabled manufacturing a wide range of miniaturized 

devices using microfabrication techniques [5]. Since the beginning of MEMS 

development, fluidic devices have captured the attention of researchers, which made 

them among the first devices to be fabricated in microscale [6]. The rapid development 

of MEMS-compatible technologies has provided means to continuously develop and 

miniaturize microfluidic devices, which allowed them to precisely manipulate small 

volumes of liquids within a short time. In addition, such devices require less human 

intervention and a lower cost, while maintaining a higher sensitivity and stability when 

compared to traditional fluidic platforms [7]. Since then, several types of microfluidic 

devices have been developed, such as micropumps [8], micromixers [9], microvalves 

[10], microneedles [11], microreservoirs [12], and microchannels [13]. However, the 

first three types form the majority of the reported microfluidic devices, due to their 

crucial functions in modern-day microfluidic applications [14-16]. 

In numerous microfluidic systems, a self-contained micropump is an essential 

component for precise samples/reagents transport, metering, and delivery [14]. 

Therefore, micropumping components are often integrated into such systems to 

achieve a reasonable flow rate and overcome the induced back pressure [16]. In 

addition to the micropump, the micromixer is another component that plays a core role 



 

CHAPTER 2  

LITERATURE REVIEW 

2.1 Introduction 

In the last few decades, microfluidic devices for various applications have been 

developed by researchers from diverse research areas to address the continuous need 

for precise fluids manipulation on the microscale. These areas are continuously 

growing and found their way to several biomedical applications that require special 

consideration to overcome the challenges associated with these applications. To grasp 

a better understanding on the recent advances in these areas, this chapter presents a 

literature review on the concept of microfluidics and governing laws of laminar flow. 

In addition, classifications, working principles, and actuation mechanisms of 

micropumps, micromixers, and microvalves are covered. Thermopneumatic 

micropumps, passive zigzag micromixers, and normally-closed piezo-actuated 

microvalves are further covered, since they are the main subject of this research. Then, 

an overview of various microactuators for microfluidic devices, including 

thermopneumatic and piezoelectric microactuators is presented. Furthermore, the 

review presents the main powering methods for portable and implantable microfluidic 

devices, as well as their advantages and limitations.  

2.2 Microfluidics 

Microfluidics is a MEMS discipline that deals with manipulating small 

volumes of fluids (10-18 – 10-9 liters) using channels with dimensions of tens to 



 

CHAPTER 3  

WIRELESSLY CONTROLLED THERMOPNEUMATIC PASSIVE 
MICROPUMP 

3.1 Introduction 

This chapter describes the development of a thermopneumatic micropump with 

a novel design that does not affect the temperature of the working fluid. The device 

operates wirelessly through the energy transfer to a frequency-dependent heater, which 

is placed underneath the heating chamber of the pump. Heat is generated at the wireless 

heater when the external magnetic field is tuned to the resonant frequency of the heater. 

The enclosed air in the chamber expands due to heat and forces the liquid to flow out 

from the reservoir. The device is designed with no moving element, i.e., oscillation of 

passive check valve and membrane, and thus, ensuring a more durable pumping 

operation. The wireless flow rate control using the fabricated micropump is carried out 

as the experimental demonstration of the developed radio frequency (RF) 

thermopneumatic actuation principle. The developed device is able to pump the liquid 

in single and multiple strokes, and the flow rate performance is varied by manipulating 

the value of the heating power. In addition, the micropump is able to pump the liquid 

when immersed in distilled water for verification of the wireless release in water 

medium. Furthermore, finite element analysis is performed to study the influence of 

the heat transfer to the sample liquid. The presented micropump exclusively offers a 

promising solution in biomedical implantation devices due to its remotely powered 

functionality, free from bubble trapping and biocompatible feature. 



 

CHAPTER 4  

WIRELESSLY-CONTROLLED PASSIVE ZIGZAG MICROMIXER 

4.1 Introduction 

This chapter presents a novel passive wirelessly controlled thermopneumatic 

micromixer to address the aforementioned micromixing challenges and to demonstrate 

the selective wireless control of multiple actuators. Mixing is achieved in a simple 

zigzag-shaped mixing microchannel due to the use of an efficient pulsatile flow. 

Mixing is achieved in a relatively short mixing length, and investigated over a low 

range Re values, since the developed micromixer is dedicated to typical microfluidic 

biomedical applications in which high flow velocities can cause rupture of cells. In 

addition, the operating temperature required to increase the Re value is limited to avoid 

any potential damage that might occur to the device. Dynamic heat transfer, 

thermopneumatic actuation and mixing performance are analytically presented and 

experimentally verified as a demonstration of the proposed mixing technique. The 

activation switching time is varied to achieve the maximum mixing efficiency. The 

results suggest that the developed micromixer is a biocompatible potential that is able 

to provide mixing-ratio controllability. In addition, the geometry of the proposed 

device is planar and can be fabricated using out-of-clean-room fabrication processes, 

making it promising for cost-efficient biomedical applications, such as local drug 

delivery and cell culturing. 



 

CHAPTER 5  

WIRELESSLY-CONTROLLED NORMALLY-CLOSED PIEZO-ACTUATED 
MICROVALVE 

5.1 Introduction 

This chapter presents a novel wirelessly controlled piezoelectric microvalve to 

address the aforementioned microvalving issues and to eliminate the heat associated 

with the wireless devices that are developed in Chapter 3 and Chapter 4. Valving is 

achieved using a normally-closed microvalve that efficiently controls the flow of the 

working fluid, which is stored in a pressurized balloon reservoir. The fluid is pumped 

due to the pressure inside the reservoir, which is opposed by the pressure generated by 

the microvalve. The resonant frequency used in WPT process was selected carefully 

to match the operating frequency of the device while considering the resonant 

frequency of the PEA. WPT, piezoelectric actuation, reservoir pressure, fluid flow, 

and valving performances were analytically presented and experimentally verified as 

a demonstration of the proposed valving technique. Valving performance is initially 

characterized in air then in phosphate buffered saline (PBS) solution to mimic the drug 

release kinetics into humans’ interstitial body fluids [55, 238]. The activation 

switching time of the microvalve is varied to achieve different desired flow rates over 

different periods of time. The performance of the device is investigated over low flow 

rates that are within the typical range of implantable drug delivery devices. 

Programmed short-term delivery and 3 days long-term functionality tests are carried 

out to investigate the valving performance of the device. The results suggest that the 

developed microvalve is a biocompatible potential, and the proposed concept can be 

possibly used in biomedical applications, such as drug delivery devices. In addition, 



 

CHAPTER 6  

CONCLUSIONS AND FUTURE WORK 

In this thesis, wirelessly-controlled microfluidic devices and their applications 

have been reported. The overall description of the research, which includes the design, 

modeling, simulation, fabrication, experimental verification, and characterization of 

the developed wireless microfluidic devices is presented. This chapter presents a 

summary of the contributions from the work conducted, and the future direction of this 

research. 

6.1 Conclusions 

This research presented the great potential of the wireless control of three types 

of microfluidic devices, namely, a thermopneumatic micropump, a passive zigzag 

thermopneumatic micromixer, and a normally-closed piezoelectric microvalve. 

Previous research reported that these devices have a wide range of biomedical 

applications, since they offer a smaller size, lower cost, higher sensitivity and stability, 

and require less human intervention when compared to traditional fluidic platforms. 

The current micropumps, micromixers, and microvalves show limitations in their 

fabrication methods and performance, as well as the ability to implement them in 

portable and implantable applications. These issues have been improved by developing 

new designs, utilizing out-of-clean-room fabrication methods, and developing passive 

devices that can be wirelessly powered and controlled. The research contributions are 

presented in the following sequence. 
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