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ABSTRACT 

3D Printed Electromagnetic Micropump for Implantable Drug Delivery 

Haoliang Lu 

Over the past few years, implantable drug delivery system has become a prevailing 

approach for drug administration. The compact dimension and precisely controlled flow 

rate enable possibilities for drug manipulation on a space-constrained area. The main 

challenge of implantable drug delivery systems is a reliable implementation of a low power 

actuation device and a micropump with an accurate flow rate [70]. 

This thesis introduces an electromagnetic micropump for drug delivery applications. It 

consists of an electromagnetic actuator and a PDMS-made micropump body with a 

diffuser-nozzle structure. An electromagnet and a permanent magnet compose the 

electromagnetic actuator. The generated electromagnetic field is calculated by using Biot-

Savart Law and measured by the magnetometer. The microfluidics channel depth, neck 

width, divergence angle and length of the planar valve and the chamber diameter are 

decided by the diffuser stability map. The proposed diffuser-nozzle structure allows a 

valveless unidirectional flow. More importantly, simulations on the micropump 

performance are carried out, we present a proper compromise between the device 

miniaturization and the continuous flow rate for implantable drug delivery applications. 

Finally, we successfully fabricated and characterized the electromagnetic micropump 

prototype. Under very low actuation power, the compact electromagnetic micropump can 

produce a precise flow rate suitable for microdosing applications, leading to the potential 

of implantable therapies. 



5 
 

ACKNOWLEDGEMENTS 

I would like to express my appreciation to my supervisor and the chair of the committee, 

Prof. Hossein Fariborzi, for his careful help throughout the research process and patient 

guidance on the thesis writing. 

Also, I want to thank Prof. Atif Shamim and Prof. Dana Alsulaiman for serving as my 

committee members. It is my great honor to invite you to attend my MS thesis defense. 

In addition, I am grateful to my friends and colleagues in the ICS Group of King Abdullah 

University of Science and Technology, especially Selma Amara. Thank you for sharing 

your precious experience with me. Researches from Selma broadened my horizon and 

brought much inspiration to me on bio-medical studies. 

Moreover, I would like to express my gratitude to Ulrich Buttner and Alexander Przybysz. 

They provided many suggestions during the design, fabrication, and test process. The 

positive attitude from Ulrich encouraged me a lot whenever facing difficulties. 

Finally, I would like to thank my family and friends. Your encouragement and support 

allow me to persevere in my research in a foreign country and live a colorful life. 

 

  



6 
 

 

TABLE OF CONTENTS 

 

EXAMINATION COMMITTEE PAGE ................................................................................ 2 

COPYRIGHT PAGE ............................................................................................................. 3 

ABSTRACT ........................................................................................................................... 4 

ACKNOWLEDGEMENTS .................................................................................................... 5 

TABLE OF CONTENTS ....................................................................................................... 6 

LIST OF ABBREVIATIONS ................................................................................................. 8 

LIST OF ILLUSTRATIONS ................................................................................................. 9 

LIST OF TABLES ............................................................................................................... 11 

Chapter 1 Introduction ........................................................................................................ 12 

1.1 Motivation ........................................................................................................................ 12 

1.2 Overview of Micropump and Application in Drug Delivery ........................................... 13 

1.3 Thesis Objectives ............................................................................................................. 17 

1.4 Thesis Organization ......................................................................................................... 18 

Chapter 2 Micropump Design .............................................................................................. 19 

2.1 Micropump Actuation ...................................................................................................... 19 

2.2 Microvalve Design ........................................................................................................... 31 

Chapter 3 Electromagnetic Micropump............................................................................... 35 

3.1 Proposed Design .............................................................................................................. 35 

3.2 Working Principle ............................................................................................................ 36 

Chapter 4 Fabrication and Results ...................................................................................... 43 

4.1 Fabrication Process .......................................................................................................... 43 



7 
 

4.2 Results .............................................................................................................................. 47 

Chapter 5 Conclusions and Future Works ........................................................................... 52 

5.1 Thesis Contribution .......................................................................................................... 52 

5.2 Future Work ..................................................................................................................... 54 

REFERENCE ....................................................................................................................... 56 

 

  



8 
 

LIST OF ABBREVIATIONS 

4PS   4 Sequenced Electrodes 

AC   Alternating Current 

AR   Area Ratio 

CE   Capillary Electrophoresis 

CuAlNi  Copper Aluminium Nickel 

DC   Direct Current 

DNA   Deoxyribonucleic Acid 

DRIE   Deep Reactive Ion Etching 

FDM   Fused Deposition Modeling 

FEA   Finite Element Analysis 

GC   Gas Chromatography 

ISO   International Organization for Standardization 

LAMP   Loop-Mediated Isothermal Amplification 

MNPC   Magnetic Nanoparticle-PDMS Compsite 

MEMS   Microelectromechanical System 

MNs   Microneedles 

μTAS   MicroTotal Analysis System 

NiTi   Nickel-Titanium 

PDMS   Polydimethylsiloxane  

Pt   Platinum 

RF   Radio Fequency 

RPS   Resistive Pulse Sensor 

SM   Shape Memory 

SMA   Shape Memory Alloy 

SNR   Signal to Noise Ratio 

SLA   Stereolithography 

VEGFR  Vascular Endothelial Growth Factor Receptor 

  



9 
 

 

LIST OF ILLUSTRATIONS 

Figure 1.1 Diagram of implantable drug delivery system proposed by Cobo et al. [25] ............... 16 

Figure 1.2 Working mechanism of the implantable magnetic micropump proposed by Wang et al. 

[26] ................................................................................................................................................. 17 

Figure 2.1 Piezoelectric micropump. ............................................................................................. 20 

Figure 2.2 Piezoelectric micropump with four chambers, proposed by Liu et al. [30] .................. 21 

Figure 2.3 Electrostatic micropump. .............................................................................................. 22 

Figure 2.4 Thermopneumatic micropump. .................................................................................... 24 

Figure 2.5 SMA micropump. ......................................................................................................... 26 

Figure 2.6 Working principle of implantable drug delivery device developed by Fong et al. [43]

 ....................................................................................................................................................... 27 

Figure 2.7 Electromagnetic Micropump. ....................................................................................... 29 

Figure 2.8 Compact electromagnetic micropump with the planar coil, fabricated by Pawinanto et 

al. [46] ............................................................................................................................................ 29 

Figure 2.9 Structure of matrix-patterned electromagnetic actuator proposed by Said et al. [47] .. 30 

Figure 2.10 Duckbill microvalve from Minivalve. ........................................................................ 32 

Figure 2.11 Schematic of (a) diffuser and (b) nozzle elements. .................................................... 32 

Figure 2.12 Working principles of Tesla valve: (a) blocking direction, (b) forward direction...... 33 

Figure 2.13 Working mechanism of flat valve. ............................................................................. 34 

Figure 3.1 Electromagnetic micropump. ........................................................................................ 36 

Figure 3.2 Directions of 𝐼𝑑𝒍, 𝒓′, and the magnitude of 𝒓′. ............................................................. 37 

Figure 3.3 Solenoid model for magnetic field calculation. ............................................................ 37 

Figure 3.4 Cross-sectional view of the diaphragm. ....................................................................... 38 

Figure 3.5 Working Principle of the diffuser-nozzle element. ....................................................... 39 

Figure 3.6 Diffuser stability map. .................................................................................................. 40 



10 
 

Figure 3.7 Diffuser performance map. ........................................................................................... 41 

Figure 3.8 Geometrical design of the micropump device. ............................................................. 42 

Figure 4.1 3D model of the micropump. ........................................................................................ 43 

Figure 4.2 Fabrication process of the micropump body. ............................................................... 45 

Figure 4.3 Fabricated electromagnetic coil. ................................................................................... 46 

Figure 4.4 Electromagnetic force simulation results: (a) Finite element analysis. (b) Magnetic 

force variation versus distance. (c) Power consumption. ............................................................... 48 

Figure 4.5 Flow rate simulation results: (a) Microfluidics model. (b) Accumulated flow chart. (c) 

Cross-sectional view of the flow inside the microfluidic channel. ................................................ 49 

Figure 4.6 (a) Experimental setup for flow rate study. (b) Close view of flow rate measurement.

 ....................................................................................................................................................... 50 

Figure 4.7 Flow rate performance under different frequencies. ..................................................... 51 

Figure 5.1 3D model of microneedles patch. ................................................................................. 55 

 

  



11 
 

LIST OF TABLES 

Table 5.1 Comparison of the performance of the micropump in this thesis and the previously 

reported micropumps. .................................................................................................................... 53 

  



12 
 

 

Chapter 1 Introduction 

1.1 Motivation 

With the rapid growth of micro-electro-mechanical and microfluidic systems and 

widespread use of biocompatible materials, many biomedical devices and healthcare 

gadgets that benefit from their flexibility, miniature size and high performance have been 

implemented in recent years.  

Micropumps are compact devices containing dimension and microfluidics structures that 

can perform fluid transfer between two points. In the mid-1970s, Lyell J. Thomas et al. [1] 

reported the first micropump actuated by piezoelectric materials. In 1988, Van Lintel et al. 

[2] developed the first micropump with passive check valves. Since then, a significant 

amount of research has been devoted to the MEMS-based micropumps [3]. In addition to 

piezoelectric actuation, more actuation mechanisms including thermopneumatic actuation 

[38], electrostatic actuation [35], and electromagnetic actuation [24] have been investigated. 

Moreover, various valve types and valveless microfluidic structures have also been 

proposed as the core of the micropump. 

Among the current manufactured micropumps, very few of them can be employed to 

implantable devices. The main concern is high actuation voltage or current that exceeds 

the safety limit of in-vivo environment. This can also cause excessive heating during the 

working process. Therefore, choosing the appropriate actuation approach and designing 

the microfluidics channels with proper dimensions has become challenging work. 
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1.2 Overview of Micropump and Application in Drug Delivery 

Following the introduction of MEMS technology in the 1960s [6] and microfluidic systems 

in the 1990s [7-8], researchers have explored many applications for them in various 

fields[9-12]. Micropump is one of the most common microfluidic devices that can be 

integrated on a microchip [13]. Micropump have different operation principles, but they 

can be divided into two main groups Mechanical and non-mechanical. 

A mechanical micropump consists of moving components such as a membrane or a check 

valve. An actuation force can drive the moving components during each cycle and cause 

the volumetric change, producing a constant fluid flow. The driving force can be 

piezoelectric, electromagnetic, thermopneumatic or electrostatic [14]. The characteristics 

of each type of driving force and the corresponding actuation approach will be discussed 

in chapter 2. Although there already exists numerous types of mechanical micropumps, all 

of them require a mechanical actuator to convert the electrical energy to the mechanical 

momentum of the moving components and complete the pumping process. As a result, 

mechanical micropumps require more space and this will adversely affect the 

miniaturization of the micropump and even the entire system.  

On the contrary, non-mechanical micropumps have no moving components. The driving 

mechanism aims to convert the non-mechanical energy into kinetic momentum of fluid. 

Typical non-mechanical mechanism includes electrochemical, electroosmotic, and 

electrohydrodynamic [15]. They all possess relatively simple geometry which can facilitate 

the design and fabrication process. However, not all fluid is suitable for non-mechanical 
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micropumps, we must avoid the interference (eg. Chemical reaction) between the pumping 

fluids and the actuation mechanism [16]. 

With the increasing awareness of keeping healthy, micropump has been employed in 

biomedical applications and health care devices [17]. In these applications, micropumps 

are required to have a bio-friendly actuation process and low power consumption. The 

following contents will discuss drug delivery applications from micropump. 

Nowadays, injections and oral pills are the most common methods for drug administration. 

By injection, large molecule drugs such as proteins can be delivered to the body. However, 

discomfort and risk of affection due to the invasive nature is one of the major limitations 

of this method [19]. Although oral pills provide more friendly and non-invasive drug 

administration, convenience and portability, delivering protein-based drugs still remain a 

challenge. This is because the protein will be devitalized in the acid environment in the 

stomach during digestion. 

Treatment and control of many diseases, such as Diabetes, require a daily injection of drugs. 

This can cause pain and discomfort, especially for the elderly or small children. 

Microneedles (MNs) can reduce the pain during the injection. With the convenience of 

MNs, numerous drug delivery systems utilizing different types of MNs are implemented 

[20]. Despite the comfort brought by MNs, drawbacks like the varying infusion speed and 

insulin absorption [21], bio-hazardous nature of MNs material [22], and lack of accurate 

dose control [23] have motivated the researchers to explore alternative solutions for drug 

delivery.  
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Micropump, integrated with MNs, can provide accurate drug manipulation and achieve the 

ideal therapeutic effect. An integrated micropump is the engine that can transfer the drug 

from a reservoir to the target destination. It is a miniature-sized, complete drug delivery 

system, with a high level of precision and reliability. Miniaturized drug delivery devices 

have become an attractive topic since the compact system, suitable for space-constrained 

applications, enables new functionalities in biomedical devices through miniaturization. 

However, the main challenge of an implantable drug delivery system is a reliable 

implementation of a low power actuation device [24] and a micropump with a precise flow 

rate and short response time.  

Cobo et al. [25] developed an implantable drug delivery system for cancer therapy as 

depicted in Figure 1.4. The device contains platinum (Pt) electrodes which are controlled 

wirelessly, and electrolyte (water) enclosed in flexible Parylene bellows. With the applied 

current and the chemical process of electrolysis, the water is split into oxygen and hydrogen. 

The resulting gas increases the pressure in the bellows and deflects the membrane, causing 

the fluid inside the drug reservoir to flow through the activated one-way valve. The 

generated gas combines, and the bellows return to their original place when the current is 

removed. Static experiments have been performed to prove the continuous anti-cancer drug 

delivery function. Moreover, an in-vivo study on freely moving rodents has been carried 

out to show the device reliability on a live creature with a low flow rate variation. 
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Figure 1.1 Diagram of implantable drug delivery system proposed by Cobo et al. [25] 

Wang et al. [26] proposed an integrated magnetic micropump for drug delivery through 

intravitreal vascular endothelial growth factor receptor (VEGFR). As shown in Figure 1.5, 

the device is actuated by the external magnetic field and used for implantable and targeted 

eye treatment. The research utilizes two layers of PDMS with a particular pattern to 

assemble the one-direction check valve. A cylindrical magnetic nanoparticle-PDMS 

composite (MNPC) is attached to the bottom PDMS layer and acts as the actuator. The 

MNPC will be attracted and pushes the PDMS layer when the external magnetic field is 

applied. The top PDMS layer will deflect upward and the check valve will open, following 

the drug release. On the other hand, when there is no external magnetic field, there is no 

deflection on the top PDMS layer and the check valve remains closed to prevent drug 

leakage. Both in-vitro and in-vivo studies are performed and demonstrate that the device 

has high sensitivity and can target specific retinal microvascular endothelial cells for drug 

delivery. 
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Figure 1.2 Working mechanism of the implantable magnetic micropump proposed by Wang et al. 

[26] 

1.3 Thesis Objectives 

The introduction above has provided a brief review of micropump history, and described 

the advances and applications in the microfluidics technology. Micropump is an emerging 

field for various applications. Up to now, there are numerous micropumps developed with 

divergent actuation methods. Each actuation approach has pros and cons. However, due to 

stricter requirements of in vivo environment, very few of them can be integrated to 

implantable devices. The crucial challenge is the suitable actuation method with high space 

efficiency. 

The main objectives of this thesis are listed as follows: 

• Objective 1: Evaluate the feasibility of different types of micropumps for healthcare 

applications and specifically, implantable drug delivery. 
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• Objective 2: Design, fabricate and implement the electromagnetic micropump 

based on the analysis performed in Objective 1. 

• Objective 3: Characterize the fabricated device and compare the experimental 

results with simulation results. Optimize the microfluidics structure. 

1.4 Thesis Organization 

The organization of this thesis is as follows: 

Chapter 2 introduces the micropump design, including actuation methodology and 

microvalve structure. History, features, working mechanism, advantages and shortcomings 

of different approaches are investigated and compared.  

In Chapter 3, we propose the electromagnetic-based micropump design. The working 

principle is discussed and the design parameters of each component are calculated. 

Chapter 4 demonstrates the fabrication procedure of the entire system. Various techniques 

and their specific working parameters are introduced. Next, both the simulation and 

experimental tests are carried out. Boundary conditions during modeling are discussed to 

have reasonable simulation results. The experimental setup and the methods for measuring 

the flow rate is introduced. Results from simulation and experiments verify the idea and 

design. 

Chapter 5 summarizes the ideas explored in this thesis, the achievements and future 

prospects of this technology. 
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Chapter 2 Micropump Design 

As mentioned in Chapter 1, the mechanical micropump consists of moving components, 

and requires an actuator to provide force and physically activate the pumping process. A 

flexible membrane is frequently employed as the moving component for most mechanical 

micropumps. The performance of a micropump is directly related to the physical approach 

that energizes the membrane and the microfluidic structures that guarantee unidirectional 

flow. The following chapter will focus on the diaphragm-based micropumps and the 

methodology of microvalve design. 

2.1 Micropump Actuation 

2.1.1 Piezoelectric Micropumps 

Piezoelectric effect refers to the process of converting electrical energy into mechanical 

force [27]. Piezoelectric ceramics is one of the most frequently utilized materials for 

micropump as the actuator. As shown in Figure 2.1, a piezoelectric micropump consists of 

a chamber with an inlet and outlet, a piece of piezoelectric material is glued to the 

membrane. The material can exhibit bends when actuated with of AC voltage. 
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Figure 2.1 Piezoelectric micropump. 

Van et al. [28] developed the first piezoelectric micropump. With the help of MEMS 

technology, the pump chamber, silicon check valve, and an actuated-piezoelectric disk 

attached to a membrane form the piezoelectric micropump. The performance can reach 

8 μL/min under 125 V applied voltage. Fathima et al. [29] designed and fabricated a 

valveless piezoelectric micropump. This pump utilizes a cross junction from a nozzle jet 

which completes the microfluidic path and removes the need for the physical valve. Based 

on a combination of simulation and experimental data, the device achieves a flow rate of 

31.15 mL/min at 20V actuation and a frequency of 100Hz. Liu et al. [30] developed a 

piezoelectric micropump with four chambers connected in series. As shown in Figure 2.2, 

each chamber has its own piezoelectric actuator. There is a 180° phase difference between 

the adjacent actuators, which means if one chamber is pumping out fluid, the adjacent 

chamber is in the reverse operation, which improves the pumping efficiency. Liu et al also 

investigates the potential application of a closed-loop insulin delivery system. Using a non-

invasive glucose monitor, an in-vivo test was conducted on a rabbit, and the monitor sent 

the signal to the micropump to deliver insulin when the body glucose concentration level 

Fluid 

Piezoelectric Ceramic 
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was above normal range. The micropump could reach a resolution of 6.23 × 10−5 mL for 

each pulse when the driving voltage is 36 𝑉𝑃𝑃 at 200 Hz of frequency. 

Piezoelectric micropumps are the earliest and most commonly investigated type of 

micropump due to their high actuation force, fast reaction time and precise flow rate control. 

However, a high actuation voltage is needed to generate sufficient diaphragm deflection 

[31]. This means more complicated electronic circuits are required and generate excessive 

heat radiation, which makes this approach inappropriate for miniaturized implantable 

devices. Moreover, integration of the piezoelectric material is treated as an extra fabrication 

procedure [32]. 

 

Figure 2.2 Piezoelectric micropump with four chambers, proposed by Liu et al. [30] 

2.1.2 Electrostatic Micropumps 

Figure 2.3 illustrates the electrostatic mechanism-based micropump. The electrostatic 

micropump involves a pair of electrodes. One is fixed on the micropump body, and the 

other electrode is on the diaphragm. When there is an applied electric field, the micropump 
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utilizes the generated electrostatic force between the electrodes to actuate the flexible 

membrane. The electrodes are drawn together under the electric field and return to the 

original position when the electric field is removed, resulting in volume changes in the 

chamber to ahcieve the pumping function. 

 

Figure 2.3 Electrostatic micropump. 

Electrostatic actuation is commonly used in microfluidic devices since it has a more 

straightforward fabrication process than other actuation mechanisms. Deep reactive ion 

etching (DRIE) is the primary method for sputtering the electrodes [33]. The applied 

electric field directly affects the magnitude of the electrostatic force, which can be 

expressed by the equation (2.1) [34]: 

 𝐹 =  
1

2
𝜀0(

𝑉

𝑑
)2𝐴   (2.1) 

Where, F is the electrostatic force between the electrodes, 𝜀0 is the permittivity of free 

space, V is the applied voltage, 𝑑 is the distance between the electrodes, and A is the area 

of the electrodes. 

Fluid 

Electrodes 
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Zengerle et al. [35] proposed the first electrostatic-based micropump with experimental 

results. This device consists of a membrane chip integrated with electrodes, two identical 

valve chips employed for passive check valves, and a pump chamber. Experiments were 

performed at 170 V and frequencies from 1 to 100 Hz, and the fluid flow in the capillary 

tube was observed under the optical detection. The micropump achieved a flow rate of 

70 μL/min  with the frequency of 25 Hz. Lee et al. [36] presented a four-electrode 

micropump that can operate in peristaltic motion. Experiments under different actuation 

frequencies and signals demonstrates that under 15 Hz and 90 V of 4 pumps with four 

sequenced electrodes (4PS) signal were the optimum working condition. The research. The 

measured maximum flow rate of the electrostatic micropump is approximately 

136 μL/min. Gas was utilized as the working fluid in this experiment, thus additional 

research is required for liquid tests. 

Although electrostatic micropumps have a simpler fabrication method and better MEMS 

compatibility. The electrostatic micropumps can be further minimized in dimension and 

reduce the power consumption [37], the major disadvantage is limited membrane 

deflection [16] even with higher actuation voltage than the piezoelectric actuation. 

Therefore, modifying the design to provide a higher pumping pressure is the main focus of 

improvement for electrostatic micropumps. 

2.1.3 Thermopneumatic Micropumps 

The thermally actuated approach is another working principle for mechanical micropumps. 

Typically based on thermal expansion and compression, a thermopneumatic actuator 

consists of a chamber with a thermally sensitive material, a diaphragm and a heater as 
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depicted in Figure 2.4. When the heater is switched on, the volume of thermally expandable 

material increases and, generates pressure on the membrane, resulting in deformation. The 

volume of the material gradually returns to normal as the heater is switched off and the 

temperature cools down. Periodic thermal expansion and contraction with the material 

cause the fluid flow. The pressure increase induced on the membrane during heating is 

expressed as 

 ∆𝑃 = 𝐸(𝛽∆𝑇 −
∆𝑉

𝑉
)  (2.2) 

Where, ∆𝑃  is the change in pressure, 𝐸  is the modulus of elasticity of the membrane 

material, 𝛽 is the expansion coefficient of the thermally expandable material, ∆𝑇 is the 

temperature change in the chamber and 
∆𝑉

𝑉
 is the percentage volume change. 

 

Figure 2.4 Thermopneumatic micropump. 

Van De Pol et al. [38] developed the first thermopneumatic actuated micropump, utilizing 

air as the heating material. The other components including the pump chamber and silicon 

check valves were fabricated by micro-machining techniques. Simulation and experimental 

investigations showed that a flow rate of 34 μL/min was reached at 6 V DC voltage with 

Fluid 

Heater 
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a working temperature of approximately 30 ℃. However, Van De Pol et al also pointed out 

that since the micropump is actuated by air volume changes, dust and air bubbles inside 

the chamber could essentially interfere with the performance of the micropump. Hamid et 

al. [39] proposed a thermopneumatic micropump fabricated by the MEMS technique. This 

device contains a microheater, a polyimide-based membrane which seals a thermal cavity, 

and a planar valve. Experimental measurements indicate the micropump performance: 

when the actuation voltage to the microheater is 2 to 12 V, the flow rate of the micropump 

is 770 pl/min to 12.5 nL/min, with the temperature ranging from 33.5 – 63.5 ℃. Thus, 

the working temperature and flow rate of this device are suitable for experiments on small 

lab animals. 

As mentioned above, thermal expansion is the major source of pumping energy and enables 

a relatively large stroke during each cycle. However, due to the restrictions on the 

dimension of micropump applications, the heater must remain small, resulting in a longer 

time to heat up and cool down the material. Thus, the overall flow rate can be minimal. 

Moreover, constantly actuating the heater and high working temperatures can pose 

problems in implantable applications [40], which explains why there are few observations 

of thermopneumatic micropumps for on microdosing applications. 
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2.1.4 Shape Memory Alloy (SMA) Micropumps 

 

Figure 2.5 SMA micropump. 

Shape Memory Alloy (SMA) is a type of metal alloy that can change the shape from the 

external stimulus, usually heat, and return to its original structure when the trigger is 

removed. The most prevailing SMA materials are Copper Aluminum Nickel (CuAlNi) and 

Nickel Titanium (NiTi) [41], which are light-weighted and suitable for MEMS fabrication. 

Therefore, they can be alternatives for actuators. Due to their biocompatibility, SMA-based 

micropumps (shown in Figure 2.5.) have gradually become a popular research topic. 

Shape memory (SM) effect is the main mechanism for SMA, which refers to a phase 

transformation process between austenite and martensite. At a low temperature, SMA is in 

the martensite phase while in the austenite phase at a high temperature. For SMA 

micropump, the SMA actuator starts with the martensite state and deforms into the 

austenite state through the heating process. 

SMA Actuation 

Fluid 

Shape Memory Alloy 
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Benard et al. [42] developed the first micropump actuated by an SMA thin film. The TiNi 

thin film was fabricated by sputter deposition and applied as the SMA actuator. An 

electrical signal was applied directly to the SMA actuator since its outstanding property of 

Joule heating effect. The SMA micropump can reach a flow rate of 50 μL/min at 0.9 Hz 

frequency. Fong et al. [43] fabricated a radio frequency (RF) controlled implantable device 

containing an SMA micropump and Parylene C-based check valves. Unlike traditional 

diaphragm micropumps, which mainly deflect in the middle of the membrane, the SMA 

actuator in this research is fixed on one end. When the field frequency is close to the 

resonance frequency of the LC circuit, it heats up effectively, and the free end of the 

actuator will bend to a flat shape as described in Figure 2.6, resulting in squeezing the 

pumping chamber. When the actuation field is removed, the SMA actuator will return to 

the martensite state, and the free end will be pulled up again. The cantilever-like actuation 

provides a positive and negative pressure during each cycle by physically connecting the 

free end and the pumping chamber. The LC circuit itself can receive RF signal so antenna 

is unnecessary for this device which significantly saves the space for drug reservoir. 

 

Figure 2.6 Working principle of implantable drug delivery device developed by Fong et al. [43] 
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SMA actuation has the advantages of strong pumping force, which can have excellent 

bubble tolerance, economy, biocompatible SMA material, and high lifetime (up to 107 

cycles.) with thin-film shape [44]. However, due to SM effect, heating is the primary 

approach for actuation, which is always a concern of temperature and power consumption 

for implantable devices. Unpredictable exact deformation during the heating and cooling 

process and low operating frequency [45] are also drawbacks associated with SMA 

micropump. 

2.1.5 Electromagnetic Micropump 

Figure 2.7 illustrates the working mechanism of electromagnetic actuation, which is the 

method this thesis will adopt. It consists of a driving coil and a permanent magnet fixed 

with a diaphragm. An alternating electrical current is induced through the driving coil, thus 

generating an oscillating magnetic field. The membrane movement is produced through 

the physical phenomenon between the magnetic field and the permanent magnet. The 

electromagnetic driving force can be attractive or repulsive by tuning the phases of the 

actuation current. 
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Figure 2.7 Electromagnetic Micropump. 

In order to improve the integration of the device, some modifications are applied to the 

electromagnetic actuator. Pawinanto et al. [46] proposed a compact electromagnetic 

actuator with a planar micro coil, shown in Figure 2.8. The device consists of a permanent 

magnet coupled with a silicon membrane, and a micro-coil fabricated through lithography 

process. The researchers tested the performance of the compact electromagnetic actuator 

with different micro-coil designs. The optimum design can provide 12.87 μm of membrane 

deformation. Although there is no discussion on the flow rate performance, this type of 

actuator has shown the potential of Lab on Chip applications due to its simple fabrication 

and compact dimension.  

 

Figure 2.8 Compact electromagnetic micropump with the planar coil, fabricated by Pawinanto et 

al. [46] 

Fluid 

Driving Coil 

Permanent Magnet 
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Instead of the bulky permanent magnet, Said et al. [47] further improved the 

electromagnetic actuator design by employing a matrix-patterned magnetic polymer 

composite. The design is shown in Figure 2.9, it consists of a planar electromagnetic coil, 

a membrane with a magnetic polymer composite matrix, and microfluidic channels. The 

magnetic composite is a mixture of PDMS with 6% NdFeB magnetic particles. The 

research investigates the micropump performance with different magnetic composite 

configurations: 1 × 1, 2 × 2, and 3 × 3 . The 3 × 3  matrix has the highest flow rate of 

6.523 nL/min. Similarly, Tahmasebipour et al. [48] utilizes the mixture of PDMS with 5% 

iron oxide (Fe3O4) nanoparticles to form the actuator membrane, and 0.93 μL/min of 

maximum flow rate is observed at 0.1 Hz of actuation frequency. 

 

Figure 2.9 Structure of matrix-patterned electromagnetic actuator proposed by Said et al. [47] 

Electromagnetic actuation has the ability to generate a large actuation force with a longer 

distance compared to the electrostatic method and lower actuation voltage than the 

piezoelectric approach. The flow rate of the electromagnetic micropumps covers from 

several nL/min to hundreds of μL/min [48]. Therefore, the electromagnetic micropumps 
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can be applied to a nano-drug delivery system which requires accurate flow. However, a 

large actuation current is needed to provide sufficient force for each stroke especially for 

planar coil design which only has a few turns (usually no more than 20). This might lead 

to a higher risk of overheating and being incompatible with implantable devices. Using 

solenoid as the driving coil is a possible solution but consumes space. A compromise 

design of electromagnetic micropump will be introduced in the following chapters. 

2.2 Microvalve Design 

Flow rectification is another critical element that can significantly influence the micropump 

performance despite the various actuation approaches of micropumps. Usually, a 

microvalve has the ability of regulating the flow direction, converting to one-direction flow. 

For the implantable micropump design, Cobo et al. [25] selected a commercialized, 

duckbill-shaped microvalve (Minivalve, Cleveland, OH, shown in Figure 2.10) in the 

device. A traditional microvalve allows the flow to pass through from one direction and 

block the flow effectively from the other direction. However, there is also a high risk of 

clogging, which can cause severe degradation to the micropump performance [50]. 
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Figure 2.10 Duckbill microvalve from Minivalve. 

The concept of the valveless micropump has emerged as an alternative to the physical 

microvalve to avoid the problem. Stemme et al. [51] developed the first valveless 

micropump device. The structure of the diffuser-nozzle (Figure 2.10) was first applied to 

imitate the microvalve element in order to achieve flow rectification. The next chapter will 

introduce the detailed working mechanism of the diffuser-nozzle structure. Nowadays, it 

has become one of the most prevailing methods for flow regulation. 

 

Figure 2.11 Schematic of (a) diffuser and (b) nozzle elements. 
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Figure 2.12 Working principles of Tesla valve: (a) blocking direction, (b) forward direction. 

Another design of planar valve is designed by Tesla [52]. It was first employed in the 

micropump by Foster et al. [53]. Figure 2.12 illustrates how the Tesla valve operates: 

Figure 2.12 (a) shows the flow in the reverse direction, which has a more significant 

resistance. Red arrows represent a part of the flow that turns around and disturbs the normal 

flow (blue arrows). Black arrows in Figure 2.12 (b) describe the forward flow in the Tesla 

valve without any impedance. With the developed piezoelectric micropump, Yao et al. [54] 

utilizes the Tesla valve both at the inlet and outlet. Simulation demonstrates that the 

forward flow has 10% faster flow velocity than the reverse flow, thus, achieving the 

characteristic of unidirectional flow. 

Flap valve is another simple approach for flow rectification. Two flexible sheets are applied 

on one side of the inlet and outlet, blocking one direction for each entry. When in the 

suction mode (Figure 2.13 (a)), fluid moves to the inlet, and the sheet at the inlet opens 

while the other sheet at the outlet closes, blocking the flow from leaking out. When the 
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fluid moves to the outlet in the pumping mode (Figure 2.13(b)), the sheets will be in the 

reverse configuration. Therefore, only one entry is working during each mode, resulting in 

the one-way flow function. 

Numerous designs of valveless microvalve structures have been reported. Crescent-shaped 

structure [55], integrated butterfly valve [56], and ball valve [57] are also outstanding 

candidates for unidirectional flow rectification in the micropump devices. These valveless 

approaches have the advantages of a simpler structure than the device with a physical 

microvalve inside, with a lower risk of fatigue and mechanical failure.  

 

Figure 2.13 Working mechanism of flat valve. 
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Chapter 3 Electromagnetic Micropump 

3.1 Proposed Design 

As mentioned in the previous chapter, the electromagnetic micropump is based on the 

magnetic excitation of a membrane. This excitation pumps the fluid by the periodic 

electromagnetic force. Compared with the piezoelectric and electrostatic actuation, the 

electromagnetic actuation requires lower voltage, also possesses a quicker reaction time 

than the thermopneumatic actuation. Several researches are devoted to investigating 

designs of the electromagnetic actuators. One of the distinctive approaches of introducing 

electromagnetic interaction is the planar coil. However, since the planar coil only has 

several turns, a large current is always needed to generate enough electromagnetic force to 

activate the micropump. This is not safe for in-vivo applications and limits the use of 

electromagnetic micropumps in implantable drug delivery applications.  

This thesis applies a solenoid-shaped electromagnet and a permanent magnet as the 

electromagnetic actuator. Figure 3.1 describes the 3D model of the electromagnetic 

micropump. Despite the electromagnetic coil, the micropump consists of a neodymium 

permanent magnet, a 100 µm thick polydimethylsiloxane (PDMS) membrane, and a 

microfluidic core element made of PDMS [70]. 
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Figure 3.1 Electromagnetic micropump. 

3.2 Working Principle 

3.2.1 Electromagnetic Calculation 

Biot-Savart law is the fundamental for describing the coupling between the electrical 

current and the magnetic field. The equation (3.1) and Figure 3.2 compute and explain the 

direction and the magnitude of the generated magnetic field [58], where 𝜇0 is the vacuum 

permeability, 𝑑𝒍 is the vector represents the current direction at this point and 𝒓′ is the 

displacement vector from the wire element I𝑑𝒍 to the field-computed point (𝐫). 

 𝐁(𝐫) =
𝜇0

4𝜋
∫

𝐼𝑑𝒍×𝒓′

|𝒓′|3

 

𝐶
  (3.1) 
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Figure 3.2 Directions of 𝐼𝑑𝒍, 𝒓′, and the magnitude of |𝒓′|. 

Based on the Biot-Savart law, the electromagnetic coil model is built up for field 

calculation (shown in Figure 3.3). When the actuation current flows through the 

electromagnetic coil, the generated magnetic field outside the solenoid can be calculated 

by the following equation: 

 𝐵𝑧 =
𝜇0

2
∙ ∫

𝑅2

(𝑅2+(𝑧−𝑎)2)
3

2⁄
∙ 𝑛𝑑𝑎  (3.2) 

 

Figure 3.3 Solenoid model for magnetic field calculation. 

The permanent magnet attached to the membrane will interact with the generated magnetic 

field, and a vertical magnetic force will be produced, known as Lorentz force. This force 

will be the critical factor that causes the membrane to reciprocate. The force acting on the 

membrane can be derived by: 
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 𝐹𝑧 = 𝑀𝑧 ∙ ∫
𝜕𝐻𝑧

𝜕𝑧
∙ 𝑑𝑉  (3.3) 

where, 𝑀𝑧 is the remanent magnetic induction depending on the material of the permanent 

magnet, 
𝜕𝐻𝑧

𝜕𝑧
 is the gradient of the field originating from the electromagnetic coil while 𝑑𝑉 

is the volume of the permanent magnet. 

 

Figure 3.4 Cross-sectional view of the diaphragm. 

As described in Figure 3.4, the correlation between the magnetic force applied to the 

circular diaphragm and the subsequently deformation is presented by the equation (3.4), 

 ℎ𝑧 =
𝐹𝑧𝑟𝑚

4

64𝑆𝑚𝐷
  (3.4) 

where, 𝑟𝑚
  is the membrane radius, 𝑆𝑚 is the contact area between the membrane and the 

permanent magnet, and 𝐷 is related to the material characteristics of the diaphragm, which 

is defined by the equation (3.5), 

 𝐷 =
𝐸𝑡𝑚

2

12(1−𝑣2)
  (3.5) 

Where, 𝐸 is the Young’s Modulus, 𝑡𝑚
  is the diaphragm thickness as mentioned previously, 

and 𝑣 is the Poisson’s ratio. 
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3.2.1 Diffuser-Nozzle Design 

As discussed in chapter 2.2, diffuser-nozzle is one of the prevailing examples for the 

valveless planer valve structure. Figure 3.5 shows the working mechanism of the diffuser-

nozzle structure. The electromagnetic actuation provides a periodic force on the membrane 

which induces a deflection upward and downward. During the upward motion, negative 

pressure would be created inside the chamber. Due to more pressure drop at the diffuser 

than the nozzle, more liquid will be drawn into the pump chamber through the inlet.  

On the contrary, during the downward motion of the membrane, the pressure inside the 

chamber rises, thus, the liquid tends to leave. However, more liquid would be discharged 

through the nozzle than the diffuser because of the difference in the pressure drop. 

Therefore, a net volume of liquid would be transferred from the diffuser to the nozzle for 

every period [48]. 

 

Figure 3.5 Working Principle of the diffuser-nozzle element. 
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In the diffuser-nozzle mechanism, the function of the diffuser is to convert the kinetic 

energy into pressure. The diffuser has four main parameters: the width of the input and 

output (𝑤1 and 𝑤2), diffuser length (L), and divergence angle (2𝜃). Depending on these 

parameters, the diffuser has four performance regions as illustrated in Figure 3.6 [59]. 

 

Figure 3.6 Diffuser stability map. 

Jet flow region has a huge wall-separation structure causing the fluid mainstream flows 

through the nearly stable area and ignores the walls alongside. This region has an inferior 

performance. Bistable steady stall region refers to a bistable state on one wall and might 

change to the other barrier along the flow path, resulting in a poor performance. Transitory 

stall region has the least pressure drop in the microfluidic channels, the flow is strongly 

unsteady with the best diffuser performance. No stall region has the fluid sticking to the 

wall without any separation, thus, the flow is relatively constant compared with the other 

three regions and has a moderate performance [70].  
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Based on the description of the four diffuser regions, the transitory stall is the most 

desirable region. Because it can reach the maximum pressure-recovery coefficient 𝐶𝑝 

which is defined by[59]: 

 𝐶𝑝 =
𝑝𝑒−𝑝𝑡

𝑝𝑜𝑡−𝑝𝑡
  (3.6) 

Where 𝑝𝑡 is the inlet pressure, 𝑝𝑒 is the outlet pressure, 𝑝𝑜𝑡 is the stagnation pressure which 

the fluid reaches zero velocity. Higher 𝐶𝑝 guarantees better diffuser performance, Figure 

3.7 [59] demonstrates where 𝐶𝑝  reaches the maximum value: divergence angle (2𝜃) is 

around 10°, area ratio (AR), which means the cross-sectional area of the input divided by 

the output, is between 3.5 to 4, and 
𝐿

𝑊1
 is 16-18.  

 

Figure 3.7 Diffuser performance map. 
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In order to realize the desired performance and maintain the miniaturization, the dimension 

of the diffuser-nozzle structure together with the micropump body is described in Figure 

3.8.  

 

Figure 3.8 Geometrical design of the micropump device. 
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Chapter 4 Fabrication and Results 

4.1 Fabrication Process 

 

Figure 4.1 3D model of the micropump. 

In this section, the fabrication procedure of the micropump (shown in Figure 4.1) will be 

introduced. 

4.1.1 Membrane 

A PDMS membrane with a thickness of 100 µm was fabricated using the sacrificial layer 

method. First, a 1.2 µm layer of photoresist (AZ5214E, MicroChem, USA) was spin-coated 

on a 4 inches silicon wafer. After baking for 1 min on a 110℃ hot plate,10:1 ratio premixed 

PDMS (Sylgard 184, Dow Corning, USA) was spin-coated at 700 rpm for 30s and 400 rpm 

for 20s to obtain a layer with a thickness of 100 µm. Then the silicon wafer was placed in 

the oven under 60℃ for 2 hours. After the curing process, the silicon wafer was rinsed in 

Acetone (MicroChem, USA) to remove the photoresist layer. The PDMS layer would be 

delaminated simultaneously. Acetone can dissolve photoresists easily but cannot react with 

PDMS. Therefore, the sacrificial layer method is an ideal approach to acquire a thin 
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membrane. The sacrificial layer provides a flat and non-sticking platform between the 

silicon wafer and PDMS layer, leading to the production of high-quality thin film and 

maintaining the silicon wafer surface intact.  

4.1.2 Micropump Body 

3D printing refers to the material deposition and solidification process under the control of 

a computer until finishing a three-dimensional object construction [60]. With a digital 3D 

model design, the 3D printer builds the actual object accurately. Because of the ability to 

construct complex geometrics repeatedly and the wide range of printing materials, 3D 

printing is considered one of the efficient techniques for manufacturing [61]. The most 

commonly adopted 3D printing method in 2020 is fused deposition modeling (FDM) [62]. 

This method slices the designed model into several layers. Each layer is constructed by the 

melted thermoplastic filaments. FDM has economical printing materials and printers, and 

has a simple post-processing workload. However, the accuracy is directly related to the 

dimension of the extruded filament. Since each layer is composed of cylinder-shaped 

filament, the layer may not adhere to each other perfectly, leading to inaccuracy. In this 

research, the stereolithography (SLA) technique is adopted, which utilizes the laser to 

solidify the liquid resin and produce printings with more delicate features and a smoother 

surface.  

The procedure of fabricating electromagnetic micropump is shown in Figure 4.2. The mold 

was designed by SolidWorks and manufactured by the 3D printer (Form 3L, FormLabs, 

USA). Before PDMS molding, two needles were plugged in the mold from two sides to 

create fluid channels. After degassing which removes the gas bubbles inside the uncured 
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PDMS, the small chip was placed in the oven. Studies have shown that higher curing 

temperature will lead to a more cross-linked polymer, which means more inflexible cured 

PDMS [65]. Therefore, 60℃ for 3 hours is the approach for curing, which can save 

fabrication time and yield flexible polymer. Figure 4.2(d) presents the cured PDMS 

microfluidics, and Figure 4.2(e) shows the assembled micropump device with the 

dimension of 20 mm × 20 mm × 2 mm. Plasma cleaning is an appropriate tool to glue the 

membrane with the micropump body [66]. Contaminants such as dust and other impurities 

are removed through the energized gas plasma, resulting in the surface having reactive 

chemical groups, which can improve its adhesiveness. Oxygen plasma is one of the 

ingredients to create an effective surface for bonding between PDMS material [67]. The 

microfluidics and PDMS diaphragm were bonded by 20s of oxygen plasma, and the 

cylindrical permanent magnet was glued to the membrane. 

 

Figure 4.2 Fabrication process of the micropump body. 
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4.1.3 Electromagnetic Coil 

Electromagnetic coil is a type of electrical conductor in the coil shape. Due to Ampere’s 

law, the current applied through the conductor wire creates a circular magnetic field around 

the wire [63]. As the current flow through the coil, the generated magnetic field will pass 

through the coil center. Material with high magnetic permeability can significantly enhance 

the magnetic field. This can be applied as a magnetic core for the electromagnetic coil to 

produce a strong magnetic field with low actuation current. Soft iron is one of the desirable 

candidates for the magnetic core. It can produce a much more intense magnetic field than 

the air core. Soft iron is reported to have up to 2.16 tesla of magnetic saturation at room 

temperature [64]. Based on the advantages above, the thesis will use soft iron as the 

magnetic core. Considering the power consumption, heating effect, and dimensions, the 

fabricated coil possesses a cylindrical soft iron core with 5 mm diameter and 15 mm height. 

With 1000 turns of wire, the overall resistance is 26.25 Ω, and the overall diameter is 10.67 

mm. Figure 4.3 shows the fabricated electromagnetic coil. The tested parameters show a 

compromise between power consumption and miniaturization. 

 

Figure 4.3 Fabricated electromagnetic coil. 
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4.2 Results 

Both the simulation results and experimental results will be introduced and discussed in 

the following sections. 

4.2.1 Simulation Results 

In this section, the performance of the electromagnetic coil is investigated. The geometrical 

parameters are studied by COMSOL Multiphysics (COMSOL Inc., Burlington, USA) to 

have a comprehensive review of generated field distribution and interaction between the 

electromagnet and permanent magnet with membrane. Figure 4.4 (a) represents the results 

of finite element analysis (FEA). The magnetic flux density norm is depicted on the surface. 

The array volume describes the magnetic flux density. The array volume color shows the 

magnetic flux density norm. The streamline between the membrane and the electromagnet 

illustrates the direction and magnitude of the actuation force [70]. The large sphere that 

depicts the normal air is set as an infinite element domain to remove the possible reflection 

and mimic the magnetic field distribution in experiments. 
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Figure 4.4 Electromagnetic force simulation results: (a) Finite element analysis. (b) Magnetic 

force variation versus distance. (c) Power consumption. 

The remanent flux density for the permanent magnet is acquired from the supplier. Figure 

4.4 (b) is the plot of electromagnetic force with the distance between the permanent magnet 

and the electromagnetic coil. The electromagnetic force is measured under the actuation 

currents from 100 mA to 200 mA, with 20 mA increments, while Figure 4.4 (c) shows the 

corresponding measured power consumption. This research chooses to utilize 160 mA of 

actuation current, and set the distance between the electromagnet and permanent magnet 

as 2 mm, which finds a balance between sufficient actuation force and energy efficiency. 
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Figure 4.5 Flow rate simulation results: (a) Microfluidics model. (b) Accumulated flow chart. (c) 

Cross-sectional view of the flow inside the microfluidic channel. 

Figure 4.5 demonstrates the flow rate simulation under the electromagnetic force as 

previously mentioned. In order to save simulation time, only the microfluidics channels, 

PDMS-based membrane, and the permanent magnet are remained (Depicted in Figure 4.5 

(a)). The electromagnetic force is applied as the body stimulus on the permanent magnet. 

Thus, the electromagnetic coil is the unnecessary element for simulation and eliminates the 

simulation time. The membrane deformation directly influences the flow rate performance. 

Based on the equation (3.4) and equation (3.5), Young’s Modulus and Poisson ratio of the 

membrane material (PDMS) for the device determines the membrane deflection. In this 

research, ISO (International Organization for Standardization) 527, which sets the general 

guidelines for measuring the tensile properties of plastic composites, is employed for 

testing the Young’s Modulus and Poisson ratio for PDMS. Before simulation, deforming 

domain is applied to the microfluidics channels since the diaphragm periodically pushes 
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and pulls the fluid in the main chamber. Thus the deforming domain enables the moving 

mesh, effectively improving the mesh quality and leading to reasonable simulation results. 

With the measured material properties, the electromagnetic force in the sinusoidal function 

with 16 Hz of frequency is applied to the permanent magnet. After four periods of 

simulation, Figure 4.5 (b) is the plot of the accumulated flow at the inlet and the outlet, 

which is the integration of the flow rate. The total volume of flow at the two ports oscillates 

with the sinusoidal function and gradually ascends with time. Figure 4.5 (c) describes the 

flow situation inside the microfluidic channel. Four timings are randomly picked during 

the first 
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outlet when the permanent magnet is pushed down. On the contrary, the inlet has a higher 

flow rate when the permanent magnet is pulled up. The flow rate simulation results primely 

prove to implement the unidirectional flow inside the diffuser-nozzle structure. 

4.2.2 Experimental Results 

 

Figure 4.6 (a) Experimental setup for flow rate study. (b) Close view of flow rate measurement. 

The experimental setup for investigating the actuating performance of the micropump is 

depicted in Figure 4.6(a). The electromagnetic coil is controlled by the function generator 

(Agilent, USA) with an 8.6 V 𝑉𝑝𝑝 of sinusoidal wave, which guarantees a maximum current 
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of 160 mA. Since the micropump is 2 mm thick, it can be placed on the surface of the 

electromagnetic coil. An inlet tank is connected to the micropump through a 1 mm inner 

diameter and 2 mm outer diameter silicone tube. In order to acquire the flow rate 

performance, a 0.5 mm graduated ruler is set in parallel to the outlet tube to measure the 

fluid position (shown in Figure 4.6(b)). The start position and end position are recorded 

respectively during a period of time, then the fluid volume that has been pumped out of the 

chamber can be calculated, leading to the evaluation of the flow rate [70].  
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Figure 4.7 Flow rate performance under different frequencies. 

With the method of calculating flow rate, the switching speed of the actuation signal is 

controlled from 1 Hz to 40 Hz to find out the best pumping performance, as illustrated in 

Figure 4.7. The flow rate increases in the range from 1 Hz to 15 Hz. The membrane 

achieves the optimum vibration at 16 Hz of driving frequency, yielding 1.2174 ± 0.0041 

µl/s of flow rate. Beyond 16 Hz, the deformation decreases, leading to a lower flow rate. 
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Chapter 5 Conclusions and Future Works 

5.1 Thesis Contribution 

In summary, this thesis presents a brief review of the history and applications of 

micropumps and their importance to biomedical studies and maintaining health of human 

beings. Then, this work summarizes the most commonly adopted actuation approaches for 

micropumps, including piezoelectric actuation, electrostatic actuation, thermopneumatic 

actuation, shape-memory-alloy (SMA) actuation, and electromagnetic actuation. In 

addition, flow rectification structure in the micropump that can force unidirectional flow is 

introduced, and the methodologies of such microvalve and valveless structures are 

discussed. This thesis utilizes the valveless structure to regulate the flow direction since it 

has lower risk of clogging and mechanical fatigue. A micropump design that involves 

electromagnetic actuation is proposed, and the diffuser-nozzle element from valveless 

structures is employed to guarantee net flow in one direction. 

Next, the theoretical calculation of the electromagnetic actuation is conducted. The 

electromagnetic force and membrane deflection are simulated to identify the appropriate 

working position and stimulus current of the electromagnetic actuator. Then, the valveless 

unidirectional structure design is determined based on the diffuser stability map and 

performance map. 

With the design, the research described the detailed fabrication process. Experimental 

measurements were completed to test the micropump performance. A frequency sweep of 

the actuation signal was performed to determine the resonant frequency of the diaphragm; 
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thus, the highest flow rate of 1.2174 ± 0.0041 µl/s is achieved at an actuation frequency of 

16 Hz. 

Table 5.1 Comparison of the performance of the micropump in this thesis and the previously reported 

micropumps. 

Reference Coil type 

Number of 

coil turns 

Membrane 

material 

Membrane 

thickness 

Actuation 

current 

Flow rate 

Mohd Said et al [68] Planar 13 

PDMS + 6% 

NdFeB 

139 μm 235 mA 6.523 nL/min 

Mohammad 

Tahmasebipour et al 

[48] 

Planar 15 

PDMS + 5% 

Fe3O4 

116 μm 1 A 1.25 µl/min 

Pan et al [69] Planar 10 PDMS 100 μm 1.5 A 1 mL/min 

This research Solenoid 1000 PDMS 100 μm 160 mA 73.044 µl/min 

 

Table 5.1 compares the performance of the micropumps with planar micro-coils and the 

micropump with a solenoid proposed in this thesis. Therefore, this work proves that the 

concept of an electromagnetically actuated micropump offers the advantages of fast 

reaction, a precise flow rate, and low power consumption. These properties open new 

possibilities for implantable health care equipment. 
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5.2 Future Work 

The performance of the micropump designed and fabricated in this thesis proves that 

electromagnetic actuation holds potential for implantable micropumps and other health 

care applications. 

Future work that can improve the performance of this micropump includes: 

• Additional elements consisting of a drug reservoir, battery, microneedles, and 

wireless control module are required to complete the whole device with higher 

integration. 

• Different styles of electromagnetic actuators could be tested in order to 

minimize the dimensions of the actuator while maintaining a lower actuation 

current and power dissipation. 

• Since the electromagnetic actuation involves an electrical current, heat is 

inevitably generated during the regular work of the micropump. Therefore, 

additional studies on heat radiation from the electromagnet are required to 

ensure the entire device operated at a suitable temperature for the in-vivo 

environment. 

Despite improving the micropump, the idea of electromagnetic actuation may open new 

possibilities in other health care applications. Microneedles are currently a popular research 

topic due to their painless property. Microneedle patches are devices that combine 

electromagnetic actuation and microneedles, as described in Figure 5.1. Similar to the 

micropump structure, a thin layer of PDMS is applied to seal the bottom, then the 
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permanent magnet is glued onto the diaphragm. The drug is loaded from the refilled port. 

With the stimulus of the electromagnet, the drug inside the chamber would be pumped out 

through the microneedles. This concludes the proposed concept and design of the 

microneedle patch. Further research to optimize the piercing force, drug infusion tests, etc., 

are needed to prove the concept is implementable.  

 

Figure 5.1 3D model of microneedles patch. 
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