
 
 

 
 

SAKARYA UNIVERSITY 

INSTITUTE OF SCIENCE AND TECHNOLOGY 

 

 

 

 

 

 

 

 

INVESTIGATION OF ELECTRO-MECHANICAL FACTORS 
EFFECTING MICRO-PUMP CHARACTERISTICS FOR 

BIOMEDICAL APPLICATIONS  

 

 

 

 

Ph.D. THESIS 

 Hamid ASADI DERESHGI 

 

 

 

 

 
Department : MECHATRONICS ENGINEERING 

Field of Science : MECHATRONICS ENGINEERING 

Supervisor : Assist. Prof. Dr. Mustafa Zahid YILDIZ 

 

 

 

 

 

August 2019 

 

 







 
 

i 
 

 

 

 

 

ACKNOWLEDGEMENTS 

 

 

I would love to express my sincere gratitude, first and foremost, to my advisor Assist. 

Prof. Dr. Mustafa Zahid YILDIZ for encouraging me and for continuous support 

during my Ph.D. study and research. His guidance helped me during my research and 

writing of this thesis. I would like to thank to Prof. Dr. Durmus KARAYEL from 

Sakarya University of Applied Sciences and Prof. Dr. Hakan Serhad SOYHAN from 

Sakarya University for their helpful comments during my thesis progress.  

 

I would like to express my thanks to Assoc. Prof. Dr. Nezaket PARLAK and Assoc. 

Prof. Dr. Mehmet Recep BOZKURT from Sakarya University for their help during the 

experiments. Part of the studies of this thesis was supported by Scientific Research 

Projects Unit of Sakarya University (Project Number: 2017-50-02-026) and Scientific 

Research Projects Unit of Sakarya University of Applied Sciences (Project Number: 

2019-50-02-078).     

  



 
 

ii 
 

 

 

 

 

TABLE OF CONTENTS    

 

 

ACKNOWLEDGEMENTS ......……………………………………..................... i 

TABLE OF CONTENTS …………………………...………………………….... ii 

LIST OF SYMBOLS AND ABBREVIATIONS ……………………………....... v 

LIST OF FIGURES …………………………………………………………….... vi 

LIST OF TABLES ……………………………………………………….………. viii 

SUMMARY …………………………………………………………………..…. ix 

ÖZET …………………………………………………………………………….. x 

  

CHAPTER 1. 

INTRODUCTION …………………………………………………............................... 

 

1 

1.1. Micro-pump ……….……………………………………………….... 1 

1.2. Actuators ……………….……………………………………………. 3 

1.2.1. Piezoelectric actuator ………………………………….….…... 3 

1.2.2. Electrostatic and electroactive polymer ……………….….…... 4 

1.2.3. Electromagnetic ……………………………………….….…... 5 

1.2.4. Thermal actuations …………………………………….….…... 5 

1.2.5. Magnetohydrodynamic (MHD) ……………………….….…... 6 

1.2.6. Electrohydrodynamic (EHD) ………………………….….…... 6 

1.2.7. Electroosmotic (EO) …………………….………………..…... 6 

1.2.8. Bubble-type and evaporation-type micro-pumps …...…….…... 6 

1.2.9. Electrowetting (EW) and electrochemical micro-pumps .…….. 7 

1.2.10. Flexural planar waves (FPWs) ……………………….….…... 7 

1.3. Diaphragm ………………………………..…………………………. 7 

1.4. Micro-valves …………………………...……………………………. 8 

1.5. Chamber ……………………………………………..………………. 10 



 
 

iii 
 

1.6. Objectives ………………………………………………...…………. 10 

 

CHAPTER 2. 

 

PREVIOUS STUDIES ……………………………….………………….............. 12 

2.1. The Effects of Mechanical Factors on The Piezoelectric Micro-Pumps 

Performance ………………………………………………………… 

 

12 

2.2. The Effects of Electrical Factors on The Piezoelectric Micro-Pumps 

Performance ………………………………………………………… 

 

15 

2.3. Mathematical Modeling of Multi-Layer Piezoelectric Actuator ……. 17 

2.4. Peristaltic Piezoelectric Micro-pumps ………………………..……... 19 

2.5. Piezoelectric Micro-pumps With Check-Valves ………….…..……. 21 

2.6. Piezoelectric Micro-pumps With No-Moving-Part Valves ……..…... 23 

2.7. Multi-Chamber Piezoelectric Micro-pumps ………………….……... 26 

2.8. Scope of The Thesis …………………………………………....……. 28 

 

CHAPTER 3. 

 

MATERIALS AND METHODS …………………………………..……............. 31 

3.1. Micro-pump Design and Working Principle ……………….…..……. 31 

3.2. Displacement Analysis of Multi-Layer Piezoelectric Actuator ...……. 34 

3.2.1. Static modeling of multi-layer actuator displacement …….…... 35 

3.2.2. Finite element analysis ………………………………………... 45 

3.2.3. Experimental analysis of diaphragm displacement ……….…... 46 

3.3. Micro-pump Calibration and Flow Test ……………….……….……. 47 

 

CHAPTER 4. 

 

RESULTS AND DISCUSSIONS ………………………………….……............. 50 

4.1. Drop Shape Analysis (DSA) ………………...………………....……. 50 

4.2. Microscopic Image Investigation ………………………......…..……. 51 

4.3. Displacement Result of Circular Multi-Layer Piezoelectric Actuator . 52 

4.4. Experimental Results of the Flow Rates ……………….…...…..……. 57 

4.5. Discussion ………………...…………………………………....……. 58 

4.5.1. Comparison with the state of the art …………………………...  59 



 
 

iv 
 

4.5.2. Biomedical considerations of micro-pumps …….…………….. 63 

 

CHAPTER 5.  

 

CONCLUSIONS AND FUTURE RESEARCH …………...…….……................ 64 

 

REFERENCES …………………………………..………………………………. 

 

66 

RESUME …………………………………………………...……………………. 81 

 

 

 

 

 

 

 

 

 

  



 
 

v 
 

 

 

 

 

LIST OF SYMBOLS AND ABBREVIATIONS   

 

 

D 

E 

: Diameter 

: Young's modulus 

f : Darcy friction factor 

g : Acceleration of gravity 

K : Loss coefficient 

L 

M 

N 

: Length 

: Bending moment 

: Force 

P 

R 

sE 

u 

: Pressure 

: Radius 

: Elastic compliance constant 

: Lateral displacement 

v 

w 

: Fluid velocity 

: Transverse displacement 

z : Height 

Δhtotal 

ε 

μ 

: Total head loss 

: Strain 

: Poisson’s ratio 

ρ 

σ 

τ 

BDM 

CLPT 

MEMS 

PZT 

SDM 

: Density 

: Stress 

: Shear stress 

: Bi-diaphragm Micro-pump 

: Classical Laminated Plate Theory 

: Micro-Electro-Mechanical Systems 

: Piezoelectric Zirconate Titanate 

: Single Diaphragm Micro-pump 



 
 

vi 
 

 

 

 

 

LIST OF FIGURES       

 

 

Figure 1.1. Classification of micro-pump …………………………….…………… 2 

Figure 2.1. Investigation of mechanical factors affecting micro-pump performance 

by a) Wang et al. (2006), b) Cui et al. (2007), c) Wang et al. (2014), 

and d) Singh et al. (2015) ……………………………………………. 

 

 

14 

Figure 2.2. Investigation of electrical factors affecting micro-pump performance 

by a) Wu et al. (2006), b) Eladi et al. (2014), c) Cazorla et al. (2016), 

and d) Revathi et al. (2018) ………………………………………….. 

 

 

17 

Figure 2.3. Structure of peristaltic piezoelectric micro-pump by a) Nguyen et al. 

(2008), b) Jang et al. (2008), c) Chao et al. (2011), and d) Ma et al. 

(2019) ……………………………………………………………... 

 

 

20 

Figure 2.4. Mechanical structure of check-valve recommended by a) Junwu et al. 

(2005), b) Ma et al. (2008), c) Cheng et al. (2013), and d) Ren et al 

(2016) ………………………………………………………………... 

 

 

22 

Figure 2.5. Mechanical structure of no-moving-part valve recommended by a) 

Forster et al. (2002), b) Cui et al. (2008), c) Guan et al. (2009), and d) 

Ji et al. (2019) ………………………………….…………………. 

 

 

25 

Figure 2.6. Design of the proposed multi-chamber piezoelectric micro-pump by a) 

Cao et al. (2001), b) Kan et al. (2008), c) Ma et al. (2011), and d) Jang 

et al. (2011) ………………………………….………………………. 

 

 

27 

Figure 3.1. Exploded view of the micro-pumps, (a) SDM, (b) BDM……………… 32 

Figure 3.2. Fabricated micro-pumps, (a) SDM, (b) BDM………………………….  34 

Figure 3.3. The working principle of the proposed micro-pumps, (a) SDM, (b) 

BDM………………….……………………………………………...  

 

34 

Figure 3.4. The structure of the multi-layer actuator, (a) the circular coordinate 

system, (b) physical layer structures, (c) the forces and moments of the 

diaphragm volume element……………………………………….  

 

 

36 



 
 

vii 
 

Figure 3.5. Cross-sectional schematic view of the multi-layer actuator…………... 41 

Figure 3.6. Convention for coordinate frame and the positive directions of the 

forces and moments....……………………………………………...... 

 

42 

Figure 3.7. Experimental measurement setup of diaphragm displacement………. 47 

Figure 3.8. The effect of reservoir height on flow rate…………………………….. 47 

Figure 4.1. Drop shape analysis for PMMA material………………………..…….. 51 

Figure 4.2. FSEM and Profilometer image of PMMA for porosity and roughness 

measurements…………....................................................................... 

 

51 

Figure 4.3. A (SEM) images of PMMA (a) Nozzle/ diffuser inlet (b) Nozzle/ 

diffuser outlet...………………………………….…………………... 

 

52 

Figure 4.4. The mid-point displacement of the silicon diaphragm at 5 V-45 V for 

0 Pa, (a) FEM, (b) experiment, (c) analytical, and (d) comparison of 

the displacement results……………………………………….………. 

 

 

54 

Figure 4.5. The displacements of the midline of the silicon layer at (a) 0-45 V for 

0 Pa, (b) 0-400 Pa for 0 V, (c) 0-45 V for 200 Pa, and (d) 0-400 Pa for 

20 V………………………...………………………..…………... 

 

 

55 

Figure 4.6. Mid-point displacements of the silicon diaphragm as a function of (a) 

pressure and (b) voltage………………………………..…………... 

 

56 

Figure 4.7. The maximum flow rate results at (a) 5 Hz, (b) 10 Hz, (c) 15 Hz and 

(d) 20 Hz………………………………………………..…………... 

 

57 

Figure 4.8. Flow rate difference (ΔQ: BDM-SDM)…………………..…………... 58 

 
 

  



 
 

viii 
 

 

 

 

 

LIST OF TABLES    

 

 

Table 3.1. The geometrical characteristics of micro-pumps components………… .. 33 

Table 3.2. Physical properties of multi-layer piezoelectric actuator………………. . 44 

Table 3.3. Physical property of piezoelectric actuator (PZT-2)…………… ............. 45 

Table 3.4. Specifications of Finite Element Method (FEM). ……………………….46 

Table 4.1. Comparison with the state of the art ……………………………………. 61 

Table 4.2. Summaries of experimental studies and findings in open literature. …….62 

 

 

 

  



 
 

ix 
 

 

 

 

 

SUMMARY     

 

 

Keywords: Valveless Micro-pump, Bi-diaphragm, Piezoelectric Actuators, Fluid Flow 

Measurement, Displacement Measurement  

 

In the past few decades, the advances in micro-electro-mechanical systems (MEMS) 

technologies have contributed to the rapid development of microfluidic devices in 

various functions. One of the important elements on MEMS is the micro-pump, which 

is capable of producing flow rates ranging in milliliter (ml) or microliter (μl) per 

minute. A commercial micro-pump should provide properties that justify the simple 

structure and miniaturization, high reliability, simple working principle, low cost and 

no need for complex controller. In this study, two novel piezoelectric actuated (lead 

zirconate titanate-PZT) valveless micro-pumps that can achieve high flow rates by 

pumping chambers and fixed reservoirs were designed and fabricated. Extensive 

experiments were conducted to investigate the effects of hydrodynamic and 

electromechanical on flow rates of the Single Diaphragm Micro-pump (SDM) and the 

Bi-diaphragm Micro-pump (BDM). BDM had two actuators facing to the same 

chamber at 180-degree phase shift. The primary features of the proposed designs were 

the high flow rates at low driving voltages and frequencies with the help of innovative 

design geometry. 3D-printing technique providing one-step fabrication for integrated 

micro-pumps with fixed reservoir was used. The micro-pump materials were 

biocompatible and can be used repeatedly to reduce costs. Mechanical parameters such 

as tensile test for silicon diaphragm, surface topography scanning by microscopy 

techniques and drop shape analysis for hydrophobic property were investigated to 

reveal surface wetting and flow stability. In addition, the effect of reservoir height was 

investigated and the calibration flow rates were measured during the inactive periods. 

The maximum diaphragm displacements were obtained at 45 V and 5 Hz. The 

maximum flow rate of SDM and BDM at 45 V and 20 Hz were 32.85 ml/min and 35.4 

ml/min respectively. At all driving voltage and frequency levels, BDM had higher flow 

rates than of SDM.  
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BİYOMEDİKAL UYGULAMALARDA KULLANILAN 

MİKROPOMPALARIN KARAKTERİSTİĞİNİ ETKİLEYEN 

ELEKTRO-MEKANİK FAKTÖRLERİN İNCELENMESİ 
 

ÖZET 
 

 

Anahtar kelimeler: Valfsiz Mikropompa, Çift-diyafram, Piezoelektrik Aktüatörler, 

Akışkan Akışı Ölçümü, Deplasman Ölçümü 

 

Geçtiğimiz birkaç on yılda, mikro-elektro-mekanik sistemler (MEMS) 

teknolojilerindeki gelişmeler, çeşitli fonksiyonlarda mikroakışkan cihazların hızlı 

gelişimine katkıda bulunmuştur. MEMS'teki önemli elemanlardan biri, dakikada 

mililitre (ml) veya mikrolitre (µl) arasında değişen debiler üretebilen mikropompadır. 

Ticari bir mikropompa, basit yapıyı ve minyatürleştirmeyi, yüksek güvenilirliği, basit 

çalışma prensibini, düşük maliyeti ve karmaşık denetleyiciye gerek duymayan 

gerekçeler sunmalıdır. Bu çalışmada, pompalama hazneleri ve sabit rezervuarlar ile 

yüksek debi elde edebilen iki yeni piezoelektrik aktüatörlü (kurşun zirkonat titanat-

PZT) valfsiz mikropompa tasarlanmış ve imal edilmiştir. Tek Diyaframlı Mikropompa 

(TDM) ve Çift-Diyaframlı Mikropompa (ÇDM) akış hızları üzerindeki hidrodinamik 

ve elektromekaniksel etkileri araştırmak için kapsamlı deneyler yapılmıştır. ÇDM, 180 

derecelik faz kaymasıyla aynı hazneye bakan iki aktüatöre sahiptir. Önerilen 

tasarımların temel özellikleri, yenilikçi tasarım geometrisi ile düşük giriş 

gerilimlerinde ve frekanslarda yüksek debilerdir. Sabit hazneli entegre mikropompalar 

için tek adımlı üretim sağlayan 3D baskı tekniği kullanılmıştır. Mikropompa 

malzemeleri biyolojik olarak uyumludur ve maliyetleri azaltmak için tekrar tekrar 

kullanılabilir. Silikon diyaframın çekme testi, mikroskopi teknikleri ile yüzey 

topografya taraması ve hidrofobik özellik için damla şekli analizi gibi mekanik 

parametreler yüzey ıslanma ve akış stabilitesini ortaya çıkarmak için incelenmiştir. Ek 

olarak, rezervuar yüksekliğinin etkisi araştırılmış ve giriş voltajının uygulanmadığı 

dönemlerde kalibrasyon debileri ölçülmüştür. Maksimum diyafram deplasmanı 45 V 

ve 5 Hz'de elde edilmiştir. TDM ve ÇDM'nin maksimum akış hızı, 45 V ve 20 Hz'de 

sırasıyla 32.85 ml/dak ve 35.4 ml/dak’dır. Tüm giriş voltaj ve frekans seviyelerinde, 

ÇDM, TDM'den daha yüksek debiye sahiptir.  
 



 
 

 
 

 

 

 

 

CHAPTER 1. INTRODUCTION 

 

 

This chapter of the thesis is prepared for better understanding and easier following of 

studies. The introduction of micro-pumps and explaining the reasons which specify 

the need for this fluid micro-instrument are the purpose of this chapter. Additionally, 

the components of the micro-pumps are fully explained in this chapter. Moreover, the 

advantages and disadvantages of the various components used to fabricate micro-

pumps have been investigated according to the available information in the open 

literature. Finally, the reasons for choosing the type and material of the pieces used to 

fabricate presented micro-pumps are explained in this chapter.   

 

1.1. Micro-pump   

 

In the past few decades, the advances in micro-electro-mechanical system (MEMS) 

technologies have contributed to the rapid development of microfluidic devices in 

various functions [1, 2]. Some of the developed microfluidic devices are; micro-pump 

[3], micro-valve [4], micromixer [5], microchannel network [6], and a microfluidic 

flow sensor [7]. Micro-pumps are called heart of microfluidics [8]. Micro-pumps are 

able to carry fluids in small and accurate volumes [9]. Therefore, they have attracted 

the attention of industrial researchers and consumers [10]. Micro-pumps can be used 

to transfer small volumes of fluids in applications such as Microelectronics Cooling 

[11], Medical Systems [12], Chemical [13], Biological [14], and others [15, 16]. The 

first MEMS-based micro-pump was presented by Smits (1984) for insulin delivery 

systems to diabetic patients [17].   

 

Working principles of the micro-pumps are quite different from the macro-pumps [18].  

Additionally, micro-pumps can be classified from different typical specification.  
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Figure 1.1. indicate the broad classification of micro-pumps. In this study, the 

classification is based on the physical mechanism used in micro-pumps. Micro-pumps 

according to the physical mechanism are divided into two types, namely; mechanical 

and non-mechanical micro-pumps [19]. In the structure of mechanical micro-pump are 

moving mechanical parts, such as pumping diaphragms and check-valves. These 

mechanical parts are presented in Sections 1.2, 1.3 and 1.4 respectively. By contrast, 

in the structure of non-mechanical micro-pumps are not any mechanical parts to move 

the fluid. In these micro-pumps, the flow rate is obtained by hydrodynamic, 

electroosmosis or electrowetting effects [20]. 

 

 

Figure 1.1. Classification of micro-pump 
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1.2. Actuators   

 

Movement and mechanical control of a system is accomplished by actuators. A control 

signal and an energy source are required to activate the actuator. The control signal 

has relatively low energy and it may be in the form of electric voltage, pneumatic or 

hydraulic pressure or even human power. The energy source is usually electric, 

hydraulic fluid pressure, or pneumatic pressure. Additionally, in all micro-pumps an 

actuator is required to perform the pumping operation. In the literature, different 

actuators have been used to pump fluid by micro-pumps. In mechanical micro-pumps, 

fluid pumping is performed by physical actuators. The most common physical 

actuators include piezoelectric (PZT) [21], electrostatic [22], electromagnetic (EM) 

[23], electroactive polymer (EAP) [24], thermo-pneumatic [25], thermally expandable 

polymer [26], and shape memory alloy [27]. In non-mechanical micro-pumps, fluid 

pumping is performed by kinetic momentum. Non-mechanical micro-pumps convert 

non-mechanical energies to kinetic momentum. The most different types of driving 

mechanism include magnetohydrodynamic (MHD) [28], electrohydrodynamic (EHD) 

[29], electroosmotic (EO) [30], bubble formation [31], evaporation [32], 

electrowetting [33], electrochemical [34], and flexural planar waves (FPWs) [35].   

 

1.2.1. Piezoelectric actuator   

 

The ability of some materials and crystals which can convert mechanical energy into 

electrical energy and electrical energy into mechanical energy are called piezoelectric 

effect. Applying pressure causes electrical charge at the surface of the piezoelectric 

material. This phenomenon is called the direct piezoelectric effect. Moreover, applying 

electrical voltage causes piezoelectric deformation that is called reverse piezoelectric 

effect. The piezoelectric deflection rate depends on the amount of applied voltage and 

its direction. However, applying inverse pressure to piezoelectric material causes to 

reversed polarization of electrical charges. Additionally, the diversion of the applied 

electric field changes the direction of the piezoelectric material vibration. The 

deflection of piezoelectric materials is in micrometer or nanometer dimensions.  
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Piezoelectric actuators are some kind of microcontroller electromechanical systems. 

Most of the developed micro-pumps have used piezoelectric as an actuator. In terms 

of performance and size, piezoelectric pumps are reasonable [36]. Reverse 

piezoelectric effect causes suction and discharge in these micro-pumps. Applying an 

AC voltage causes the piezoelectric vibration in the horizontal direction. However, the 

piezoelectric actuator is tangentially glued onto the diaphragm (pumping membrane). 

Moreover, the side-edges of piezoelectric are clamped on the diaphragm. Accordingly, 

the piezoelectric horizontal deformation turns into a vertical vibration. The 

piezoelectric vertical vibration mode depends on the applied AC voltage behavior. The 

piezoelectric vertical vibration is transmitted exactly to the diaphragm because of 

being tangent. The vertical vibration of the diaphragm causes a periodic change in the 

volume of the chamber. Finally, periodic changes in the volume of the chamber 

produces oscillating flow rate in piezoelectric micro-pumps.    

 

1.2.2. Electrostatic and electroactive polymer 

 

Electrostatic forces are the dominant forces in interaction between particles in the 

intermediate-atomic dimension. Electrostatic phenomena are caused by forces that 

electrical charges apply on each other. Generally, there is a flexible diagram and a 

lower fixed substrate which are in parallel in the structure of electrostatic micro-pumps 

[37]. To vibrate the diaphragm in electrostatic micro-pumps, coulombic attraction 

should be provided between two oppositely-charged bodies [38].  Coulombic 

attraction causes the diaphragm vibration and alternating flow rate is produced in this 

type of micro-pumps.   

 

Electroactive polymer (EAP) is a polymer component. Applying a voltage   change the 

size and shape of this polymeric material. The most common application of this 

polymer is on actuators and sensors [39]. Recently, electroactive polymer materials 

are among the actuators used in the design of micro-pumps [40]. The Ionic Conductive 

Polymer Film (ICPF) or Ionic Polymer-Metal Composite (IPMC) are two common 

forms of this polymer actuator. This actuator has ability to achieve large deformations 

at low voltages [41].  



5 
 

 
 

1.2.3. Electromagnetic 

 

Electromagnetic micro-pumps use electromagnetic mechanism to achieve flow rate. 

In this type of micro-pumps, two permanent magnets are placed on two opposite sides 

of the chamber. Additionally, the material of these micro-pumps’ diaphragm should 

be selected from soft and elastic materials. Therefore, it can perform well due to 

electromagnetic field [42]. The diaphragm vibration of these micro-pumps is through 

the interaction between permanent magnets and a variable magnetic field achieved by 

a micro-coil [43]. Electromagnetic force can be attractive or repulsive. Therefore, by 

changing the current phase input, the diaphragm vibrates in the vertical direction. 

Eventually, the vibration of the diaphragm causes fluid flow generation.  

 

1.2.4. Thermal actuations 

 

Thermally actuated micro-pumps consist of thermo-pneumatic [44], shape memory 

alloy [45] and thermally expandable polymer [46]. Generally, thermo-pneumatic 

micro-pumps consist of a microheater, a diaphragm and a chamber. In these micro-

pumps, the diaphragm is placed between the chamber and a microheater. Therefore, 

one side of diaphragm is in contact with the pump chamber and the other side of the 

diaphragm is face to face with microheater. The distance between the microheater and 

the diaphragm is gas or liquid mixture.  The microheater heats the fluid that is between 

itself and the diaphragm. The heating of this fluid causes deformation of the diaphragm 

[47]. The diaphragm’s deformation causes pressure changes in the pump chamber. 

Shape Memory Alloy (SMA) and bimetallic are thermal actuations. Both sensors have 

a shape memory effect and they are fabricated by special alloys. To vibrate these 

sensors high power (typically > 100 mW) is required. However, they can provide large 

force for the high-power consumption [48, 49]. Thermally expandable polymer is used 

as an actuator in diaphragm micro-pumps. In the structure of these actuators two 

materials with different thermal expansion coefficients are used and linked together. 

Due to temperature change, this sensor vibrates with high force but limited deflections 

[50, 51].  
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1.2.5. Magnetohydrodynamic (MHD)  

 

Magnetohydrodynamics (MHD) is the science of studying the magnetic properties of 

electrically conductive fluid. MHD considers the interaction between ferromagnetic 

particles within the current and electromagnetic field. MHD is one of the most 

important methods of fluid pumping in non-mechanical micro-pumps. The pumping 

operation of MHD micro-pumps is carried out by Lorentz force. Lorentz force is 

obtained as a result of the interaction between the magnetic field and the electric field 

[52].  

 

1.2.6. Electrohydrodynamic (EHD)  

 

Electrohydrodynamic is the study of electrically charged fluid dynamics. Electro-

hydrodynamic micro-pumps consist of one or more microchannels. The electrodes are 

placed along the microchannel. The fluid becomes charged by charging electrodes and 

creating an electric field. Eventually, the fluid moves due to the force applied by the 

electric field [53]. In EHD micro-pumps, a liquid with a low viscosity and high 

dielectric constant is required to achieve high flow velocity [54].    

 

1.2.7. Electroosmotic (EO)  

 

The external electric field causes fluid movement in electroosmotic micro-pumps. The 

electric field is applied through a channel with a charged wall [55]. In the channel 

design of the EO micro-pump, a silica or glass substrate with electrodes are used to 

generate an electric field through the channel [56]. In the literature, DC-operated fields 

or AC-operated fields are used for electroosmotic micro-pumps.   

 

1.2.8. Bubble-type and evaporation-type micro-pumps  

 

In bubble-type micro-pumps, bubbles arise due to the application of control voltage in 

micro-channels. Additionally, the application of the voltage causes periodic expansion 

and collapse of these bubbles, which causes the pumping operation in this type of 
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micro-pumps [57]. In evaporation-type micro-pumps, the xylem transport method is 

used for pumping operation. Xylem transport is a method in trees and vascular plants 

which is used to transfer water and minerals from the roots upwards. In these micro-

pumps, Liquid evaporation is controlled by the membrane. Actually, the membrane 

directs the evaporation of the liquid to a gas space containing a sorption agent [58, 59].  

 

1.2.9. Electrowetting (EW) and electrochemical micro-pumps 

 

In electrowetting (EW) micro-pumps, the application of the voltage causes the 

wettability change of the surface which is usually hydrophobic. The voltage is applied 

to the dielectric layer in EW micro-pumps. Hence, the interfacial energy of the solid 

and liquid surfaces is reduced and it causes fluid transport under the effects of surface 

tension. This is because of the surface tension is an interfacial and dominant force [60].   

 

In electrochemical micro-pumps, DC voltage is applied between two platinum 

electrodes in the salt water solution to obtain power. The applied DC voltage between 

electrodes trigger the produce of gas. Eventually, the generated electrochemical 

bubbles create a force for fluid movement [61].  

 

1.2.10. Flexural planar waves (FPWs)  

 

Flexural planar waves have been used in micro-pumps for fluid transport. In these 

micro-pumps, transducers are placed along the membrane. Transducers launch 

acoustic plate waves along the membrane and produce an acoustic field. Finally, the 

mechanism of acoustic stream causes fluid to be transported in this type of micro-

pump [62].  

 

1.3. Diaphragm 

 

The diaphragm separates the fluid of micro-pump chamber from the actuator. Actually, 

the diaphragm is a flexible wall of the chamber and it is contacted with fluid inside the 

chamber. The side walls of the diaphragms are clamped to the housing of the micro-
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pump. Hence, the diameter of the diaphragm is equal to the chamber’s diameter. The 

actuator is located on the other side of the diaphragm. The actuator causes the 

diaphragm vibration in vertical direction. The vibration of the diaphragm causes the 

pressure difference in the chamber, and it causes fluid transport from reservoir to 

chamber and chamber to outlet.  

 

In the fabricate of micro-pumps, one of the main parameters to be considered is the 

choice of diaphragm material. The diaphragm material must be selected relative to the 

application of the micro-pump. Moreover, in terms of cost and resistance against 

abrasion should be checked. Silicon [63-65], Beryllium bronze [66], Polyethylene 

Terephthalate (PET) [67, 68], SU8 [69], Brass [70], Parylene-C (PCPX)-Tetraethyl 

Orthosilicate (TEOS) [71], Nafion–Pt [72], Earthworm muscle [73], Polyimide [74], 

Elastomeric [75], Thermoplastic Polyurethane (TPU) [76], Polydimethylsiloxane 

(PDMS) [77, 78] and Soft Magnetorheological Elastomer (SMRE) [79] are diaphragm 

materials mainly used in the literature.  

 

1.4. Micro-valves 

 

Micro-pumps for net flow generation require some types of flow diodicity methods. 

Diaphragm displacement profiles are usually symmetrical which causes non-

directional flow. Hence, the micro-valves are used for transforming the non-directional 

flow rate to directional one. Micro-valves are one of the important devices that most 

commonly used in microfluidic devices and mostly used in micro-pumps for the fluid 

transfer [80]. Generally, the micro-valves are classified as either check-valve [81] or 

valveless types [82].  

 

The working principles of check-valves are similar to the diodes in the electrical 

circuit. There is only a small hydraulic resistance in the flow direction when the check-

valve is placed forwardly. However, in the opposite direction it doesn’t allow fluid to 

pass through. The check-valves use of plate [83], flap [84] and ball [85] to change the 

resistance. This mechanical diode has an important role in microfluidic transport 

systems. The check-valves transport the fluid in one direction. Check-valve type 
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micro-valves can avoid back flow but have a complicated structure [86]. However, 

there is a risk of valvular erosion and valve blockage by small particles or bubbles in 

liquids [87].   

 

No-moving-parts (NMP) valves are especially qualified for fluid transfer in 

microfluidic systems. These valves have no mechanical moving parts to prevent back 

flow. These valves are used fluid properties for diodicity, instead of using mechanical 

moving parts. There are other advantages that justifies the use of these valves include 

simple structure and miniaturization, high reliability, simple working principle, low 

cost and no need for external control [88, 89].  In NMP micro-valves there are no 

moving mechanical piece. For this reason, the problems mentioned for check-valves 

do not exist in NMP micro-valves. Valveless type micro-valves cannot fully control 

the back flow and clogging, but their structure is simple comparing to check-valves 

[90]. Recently, different types of NMP valves have been presented. Stemme et al. 

(1993) proposed the first valveless micro-pump in 1993 [91]. A Tesla valve [92] and 

nozzle/diffuser elements [93] are NMP valves. The Tesla valve was invented in 1919 

by Nikola Tesla [94]. In this type of valves, mechanical moving parts are not used to 

flow diodicity [95]. Tesla valve have a complicated structure, and this property causes 

different resistances to the fluid in the discharge and suction operation. The main 

property of Tesla valve diodicity arising from the angular differences of channels clash 

in two parts of the valve. The angular difference of channels collision causing more 

resistance of the back flow compared with the outlet flow [96]. Mohammadzadeh et 

al.  (2014) investigated the effect of Tesla micro-valve and nozzle/diffuser element on 

micro-pump performance. The results show the superiority of Tesla valve in higher 

Reynolds number and its weakness in lower Reynolds number [97].   

 

The working principle of both Tesla and nozzle/diffuser valves are dependent on fluid 

inertia and viscosity [98]. The flow diodicity in nozzle/diffuser elements is based on 

their structural difference. Diffuser is an enlarged channel in the flow direction. While, 

the nozzle has a decreasing cross section in the direction of flow [99]. Fluid velocity 

in nozzle is very high compared to the diffuser. Therefore, the output fluid has a higher-

pressure drop-in nozzle than the diffuser. In other words, diffuser pressure drop is very 
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low compared to nozzle. Therefore, with constant pressure difference, the passing 

volumetric flow rate through the diffuser cross section is always greater than the nozzle 

cross section. In the designing of micro-pumps that use these elements as a micro-

valve, the diffuser always selects the path of the reservoir to the chamber and the 

chamber path to the outlet. At the suction period, the fluid moves the diffuser path 

from the reservoir to the chamber, and at the discharge period, fluid again passes the 

diffuser path from the chamber to the outlet [100].  

 

1.5. Chamber 

 

In all micro-pumps, the fluids by activating the actuators and through the micro-valves 

are transmitted from the reservoir to the chamber. Finally, the fluid in the chamber is 

directed to the outlet channel. Accordingly, the dimensions and geometric shapes of 

the chamber affects the pressure characteristics, volume stroke and nozzle/diffuser loss 

coefficients.   

 

Generally, micro-pumps' housing and chambers have been fabricated by common 

microfabrication technologies with polymethyl methacrylate (PMMA) [101], 

polydimethylsiloxane (PDMS) [102], pyrex glass [103] and silicon materials [104]. In 

open literature, most of the proposed micro-pumps have a chamber [105]. However, 

in order to increase the flow rate, some micro-pumps with two [106, 107] and three 

chambers [108, 109] are also presented in the papers. In Chapter 2, these designs have 

been investigated comprehensively.  

 

1.6. Objectives 

 

The purpose of this study was to design and fabricate two novels mechanical micro-

pumps for biomedical applications. According to the literature survey, mechanical 

micro-pumps are more suitable for medical applications than non-mechanical micro-

pumps. In non-mechanical micro-pumps, the fluid is affected by magnetic field, 

electric field, acoustic field or heat. The methods used to transfer fluid in non-

mechanical micro-pumps may change the chemical properties of the drug.   
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In Section 2, the actuators which are presented in open literature for mechanical micro-

pumps were investigated. Based on literature studies, piezoelectric can perform well 

compared to other mentioned actuators. As the piezoelectrics are quick to operate 

compared to other actuators. They produce a reasonably intermediate pressure against 

low energy consumption. Accordingly, the piezoelectric is a good actuator for micro-

pumps designed for biomedical applications. Therefore, the piezoelectric actuator has 

been used in the presented designs.  

 

In Section 4, the disadvantages and advantages of the various types of the micro-valves 

are investigated. Based on literature studies, nozzle/diffusor elements were used at the 

inlet and outlet of the fluid to the chamber. Moreover, the important parameters 

mentioned in the literature are considered to optimize the performance and 

compatibility of nozzle/diffusor elements with the proposed micro-pumps. These 

parameters are explained in Chapter 3. Additionally, biocompatibility is a very 

important key parameter that is necessarily considered for drug delivery micro-pumps. 

Silicon and PMMA are good biocompatible materials. Accordingly, the material of the 

diaphragms was silicon and the material of the housing and chamber was PMMA. It 

is worth noting, features of the provided micro-pumps components are examined in 

Chapter 3.  

 



 
 

 
 

 

 

 

 

CHAPTER 2. PREVIOUS STUDIES 

 

 

The purpose of this chapter is to obtain a more accurate insight and a clearer 

understanding relative to the research problem and the recognition of research gaps. 

Some of the studies available in the open literature that have novel innovations in the 

field of piezoelectric micro-pumps have been investigated in this chapter. Actually, 

some research gaps and unresolved issues are presented in this chapter. Finally, the 

novel piezoelectric micro-pump designs have been studied in this thesis and they are 

briefly described in this chapter. The methods and results of the previous studies were 

used in the design and fabrication of the proposed micro-pumps.  

 

2.1. The Effects of Mechanical Factors on The Piezoelectric Micro-Pumps 

Performance  

 

The first activities for the fabrication of micro-pumps started in the late 1980s [110-

113]. Micro-pumps are an important part of MEMS which are used to pump up or 

control a very small volume of fluid. The transfer of medicine to the body with high 

perception and low cost has been one of the purposes of the micro-pump designers. 

Smits (1990) was the first piezoelectric micro-pump designer for drug delivery.  The 

designated micro-pump was used is controlled insulin delivery systems for diabetic 

patients. This design reduced the need for continues needles injections in these patients 

[114]. In these applications, the transfer of large volumes of fluid to the body is not 

considered. Additionally, the pressure head is not the only indispensable indicator for 

pumping. Rather, high reliability, low energy consumption by the actuator, low 

fabrication cost and compatibility with biological conditions are also other basic 

parameters. 
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Generally, piezoelectric micro-pumps consist of a chamber, a diaphragm and two 

valves [115, 116]. In these micro-pumps piezoelectric clamp on the diaphragm and it 

vibrates the diaphragm. The movement of diaphragm put pressure on the fluid inside 

the chamber. The created alternating pressures cause the fluid suction from the 

reservoir to the chamber and the discharge of fluid from the chamber to the outside. In 

the following, some of the influential studies available in open literature has been 

briefly described.   

 

Wang et al. (2006) investigated the effect of the membrane thickness and diameter, the 

piezoelectric thickness and diameter and the diameter of the chamber on the deflection 

by simulation. In this study, they proved that by increasing the thickness of the 

membrane the deflection decreases. On the other hand, they showed that thin 

membranes can have a lack of stiffness. The study demonstrated that the piezoelectric 

thickness must be higher than the thickness of the membrane. Additionally, the 

piezoelectric actuators have low mechanical strength. Therefore, the high increase of 

piezoelectric thickness reduces the deflection. The ratio of the membrane and 

piezoelectric dimensions should be considered according to the micro-pumps design. 

In this study, they proved that the diameter of the chamber was directly correlated with 

the deflection of the diaphragm.  Increasing the diameter of the chamber caused an 

increase in the diaphragm deflection. The schematic of this micro-pump was shown in 

Figure 2.1.a [117].  

 

Cui et al. (2007) presented a piezoelectric micro-pump for drug delivery applications. 

Two-dimensional structure schematic of this micro-pump was shown in Figure 2.1.b. 

In this study, the effect of mechanical factors of the diaphragm and piezoelectric 

actuator on diaphragm displacement, pump pressure and pump flow rate were 

investigated. The results showed that increasing the diaphragm thickness reduces 

displacement. Moreover, diaphragm displacement reduction reduces pump pressure 

and flow rate in the diaphragm micro-pump.  Therefore, they proposed the thin 

diaphragm to increase the pump pressure [118].  
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Wang et al. (2014) presented a piezoelectric micro-pump with a folded vibrator for 

fuel delivery application. The proposed piezoelectric micro-pump was shown in Figure 

2.1.c. The components of this micro-pump were a folded piezoelectric vibrator, a 

silicon diaphragm, a chamber, two PDMS check-valves, and two compressible spaces. 

The novelty of this work was to design and fabricate folded vibrators and compressible 

spaces near check-valves. The vibrator has three folded layers which a piezoelectric 

actuator was attached on each layer. The introduced novel vibrator increased 

diaphragm displacement. Additionally, the compressible spaces that were designed 

along with the check-valves could do shrink or expand. The liquid load was reduced 

because of the compressible spaces along the channels. Consequently, the flow rate 

was increased in the channels due to the reduced fluid loading. In this study, the 

maximum displacement was obtained 425 μm at 80 VP-P, additionally, the maximum 

flow rate was 118 ml/min which obtained at 120 VP-P and 361 Hz [119].  

 

 

Figure 2.1.  Investigation of mechanical factors affecting micro-pump performance by a) Wang et al. (2006) 

(Source: Reprinted from Ref. [117]), b) Cui et al. (2007) (Source: Reprinted from Ref. [118]), c) Wang 

et al. (2014) (Source: Reprinted from Ref. [119]), and d) Singh et al. (2015) (Source: Reprinted from 

Ref. [120])  
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Singh et al. (2015) investigated the effects of micro-pumps' components by simulation 

and experimental methods. The important factors affecting the flow rate including the 

nozzle/diffuser angle, the diameter and height of the chamber, the diameter and 

thickness of the diaphragm were investigated. The maximum flow rate of this micro-

pump was 20 µL/min which was obtained at 30 V. The proposed piezoelectric micro-

pump was shown in Figure 2.1.d [120].  

 

2.2. The Effects of Electrical Factors on The Piezoelectric Micro-Pumps 

Performance  

 

In piezoelectric micro-pumps, the diaphragm behavior depends on the voltage, 

frequency, phase, and wave shape of the AC voltage which apply to the piezoelectric 

actuator. In the open literature, the influence of electrical parameters has been 

investigated on the performance of the piezoelectric micro-pumps. In this section, 

some of the influential studies are briefly presented. For example; Fan et al. (2005), 

simulated a classic piezoelectric micro-pump and investigated the effect of the 

diaphragm vibrational frequency on the flow rate. The flow rate increased with the 

growth of the piezoelectric vibrational frequency and the maximum flow rate was 

obtained at the piezoelectric resonance frequency. It is worth noting that the frequency 

specifies the number of vibrations and the voltage determines the amplitude of the 

diaphragm deflection.  Moreover, the peak deflection amplitude of the piezoelectric is 

at the resonance frequency. In this study, the highest flow rate was obtained at the 

resonance frequency. Additionally, they showed that if the application of the 

vibrational frequency is higher than the piezoelectric resonance frequency, causes a 

drop in the flow rate. Because the deflection amplitude decreases after the resonance 

frequency and causes a drop in the flow rate [121].   

 

Wu et al. (2006) vibrated a check-valve type micro-pump’s diaphragm with a bimorph 

type piezoelectric actuator. This diaphragm’s actuator was fabricated from two 

piezoelectric actuators which were placed parallel to each other. The schematic of this 

micro-pump was shown in Figure 2.2.a. In this study, bimorph type piezoelectric 

actuator was used to increase diaphragm displacement force at low voltages. The 
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micro-pump performance was investigated by the vibration of the diaphragm in sine 

and square waves.  Finally, they achieved a high flow rate with minimal energy 

consumption. The obtained maximum flow rate with the diaphragm vibration in the 

range of 20 Hz-70 Hz for a square and sinusoidal wave was 3 c.c./min and 2.3 c.c./min 

respectively [122].   

 

Eladi et al. (2014) designed and fabricated a valveless micro-pump with PZT actuator. 

The schematic of the assembled micro-pump was shown in Figure 2.2.b. In their 

design, three distinct layers were used consisting of two layers of silicon and a layer 

of glass. These three layers were covered on top of each other and a composite 

structure was created. Water and methanol fluid were selected for pumping process. 

They investigated the effects of nozzle/diffuser, micro-pump chamber height, voltage, 

and frequency of the vibrating diaphragm elements of the net flow rate. For this micro-

pump, the ideal voltage and frequency were achieved at 80 V and 250 Hz, respectively. 

In the ideal condition of pumping process, back pressure for water was zero and for 

methanol, 360 Pa [123].   

 

Cazorla et al. (2016) investigated the effect of the diaphragm vibrational frequency on 

the flow rate. Additionally, the actuation voltage for piezoelectric at different 

frequencies was 24 V. In this study, the maximum deflection had been at the center of 

the diaphragm which was 5.6 μm.  In this micro-pump, the flow rate was linearly 

increased to 0.8 Hz and it was sub-linearly from 0.8 Hz to 1 Hz. The maximum flow 

rate was obtained at 1 Hz which was 3.5 μl/min. The main advantage of this study was 

the ability of this micro-pump to operate at low voltages and low power consumption. 

Figure 2.2.c shows the proposed piezoelectric micro-pump and experimental set-up 

[124]. 

 

Revathi et al. (2018) proposed a composite-based piezoelectric micro-pump. The 

components of this micro-pump included an identical pair of nozzle/diffuser, a PDMS 

diaphragm, a chamber, and a piezoelectric actuator. The diaphragm and actuator 

diameters were exactly identical with the chamber diameter. The schematic of this 

micro-pump was shown in Figure 2.2.d. 
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Figure 2.2. Investigation of electrical factors affecting micro-pump performance by a) Wu et al. (2006) (Source: 

Reprinted from Ref. [122]), b) Eladi et al. (2014) (Source: Reprinted from Ref. [123]), c) Cazorla et al. 

(2016) (Source: Reprinted from Ref. [124]), and d) Revathi et al. (2018) (Source: Reprinted from Ref. 

[125])   

 

The purpose of this study was to obtain flow rates at low voltage and frequencies. 

Accordingly, the effect of voltage and frequency was investigated on flow rate. The 

flow rate was linearly increased in the range of 1 Hz-20 Hz, and the maximum flow 

rate was obtained at 20 Hz, that was 11.34 μl/min. In this micro-pump, the flow rate 

reduced at frequencies above 20 Hz. Piezoelectric actuator generated more force due 

to increased frequency. However, the pressure applied to the diaphragm has increased 

and it causes displacement to drop at higher frequencies than 20 Hz. Additionally, the 

flow rate of this micro-pump by increasing the voltage was increased linearly. Because, 

the amplitude of the diaphragm displacement was increased by increasing the voltage 

[125].  

 

2.3. Mathematical Modeling of Multi-Layer Piezoelectric Actuator 

 

The behavior of the piezoelectric actuators is affected by the actuator layers, fluid, and 

by their mechanical and electrical charge. According to the classical linear laminate 

plate theory (CLPT), the stress distribution along the plate thickness is assumed to be 

linear.   
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Using the CLPT hypothesis, Li et al. (2003) developed an analytical equation for the 

displacement of a circular piezoelectric actuator plate. They confirmed the 

displacement values they obtained by comparing them with the experimental results 

[126]. Mo et al. (2006) investigated the static displacement behavior of the unimorph 

circular diaphragm under electric charge analytically and experimentally. Other than 

electricity and fluid load, it is obvious that the applied mechanical load will also affect 

the behavior of the actuator [127].   

 

Dong et al. (2007) took into account the electric field strength and the mechanical load 

effect for the analytical solution of the static displacement of a circular piezoelectric 

actuator. They stated that for maximum fluid transport, there should be an optimum 

thickness ratio between the PZT and metal layers [128].   

 

Deshpande et al. (2007) developed an analytical model for the static displacement of 

a multi-layer and two-stage circular piezoelectric actuator subjected to constant fluid 

pressure and voltage load, using the classical laminate plate theorem (CLPT). They 

verified the analytical model outputs with finite element method and experimental 

study [129]. Wang et al. (2010) also developed the analytical static displacement 

model for the circular piezoelectric unimorph actuators, which were subjected to 

voltage load, using CLPT and verified by experimental studies. By the analytical 

model they established, they examined the changes in the structural parameters and 

material properties of the actuator [130]. 

 

Boundary conditions are also known to have a significant effect on the behavior of 

piezoelectric actuators [131]. Oniszczuk et al. (1998) analytically solved the transverse 

vibration problem of the elastic layer rectangular compound membrane system using 

the Bernoulli Fourier method [132]. Analytical modeling of the nonlinear dynamic 

behavior of valveless micro-pumps involving fluid interaction was described by Pan 

et al. (2001). They used the Galerkin and perturbation method for the analytical 

solution of the micro-pump under constant pressure [133]. Optimization of the 

electromechanical coupling coefficient of very thin piezoelectric devices was 

performed by Cho et al. (2005) [134]. Yu et al. (2005) investigated the dynamic 
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behavior of a prestressed diaphragm. They presented a mechanical diaphragm plate 

model subjected to a state of plane stress. They examined the membrane-like behavior 

of this diaphragm plate model and showed that the diaphragm exhibited different 

behavior, such as a plate or membrane, depending on the stress value [135].     

 

For optimum fluid transfer of actuators, vibration frequency and modes should be 

determined. For this purpose, Olfatnia et al. (2010) investigated the vibrational modes 

and frequencies of circular piezoelectric micro diaphragms [136].  Vibration analysis 

of a circular micro-pump diaphragm were analyzed analytically and experimentally by 

Kaviani et al. (2014) [137], Esfahani et al. (2016 and 2018) [138, 139] and He et al. 

(2017) [140]. Hu et al. (2017) theoretically, numerically and experimentally studied 

the vibration parameters of circular type piezo-actuators with mass [141].   

 

2.4. Peristaltic Piezoelectric Micro-pumps 

 

In this type of design, more than one piezoelectric actuator is glued on a diaphragm, 

or several micro-pumps are connected in series. Additionally, AC voltages with 

different phases are applied to piezoelectric actuators. The piezoelectrics vibration 

with different phases causes pressure waves to the fluid inside the chamber. The 

pressure waves create a steady and propulsive movement in the fluid flow. In the 

literature, typically peristaltic piezoelectric micro-pumps are used to pump clean and 

sterile fluids. Therefore, the fluid movement is always prompter in these micro-pumps. 

As a result, the contamination can’t be entered into the output channel direction. 

Accordingly, these types of micro-pumps are suitable for biomedical applications. 

There are many studies in literature, for example; Nguyen et al. (2008) fabricated a 

peristaltic micro-pump for biomedical applications. The proposed micro-pump was 

shown in Figure 2.3.a. In general, this micro-pump consisted of a chamber, two valves 

and three mini-LIPCA (lightweight piezo-composite actuators). It is worth noting that 

a LIPCA is a multi-layer composite actuator consisting of composite glass-epoxy 

layers, carbon-epoxy layers, and PZT ceramic wafer. In the presented study, three mini 

LIPCAs were attached on a diaphragm. Additionally, the same sinusoidal voltage and 

frequency were applied for each of the three LIPCAs. However, all three LIPCAs 
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vibrated with 120-degree phase shift to perform the peristaltic movement. Finally, the 

maximum obtained flow rate was 900 μl/min [142].  

 

Jang et al. (2008) fabricated a three-chamber micro-pump connected by channels in 

series. The mechanical structure of the fabricated peristaltic piezoelectric micro-pump 

was shown in Figure 2.3.b. A silicon, Pyrex glass and piezoelectric actuator were the 

main components of this micro-pump. The chambers and channels were fabricated of 

silicon and the diaphragm was fabricated of Pyrex. A square piezoelectric actuator 

with a thickness of 191 µm was attached on each diaphragm. The same voltages and 

frequencies were applied to piezoelectric actuators. However, AC voltage with 

different phases was applied to piezoelectric to perform peristaltic motion. The 

maximum displacement and flow rate were obtained at 100 VP-P and 100 Hz, which 

was 2.91 μm and 17.58 μl/min, respectively [143]. 

 

 

Figure 2.3. Structure of peristaltic piezoelectric micro-pump by a) Nguyen et al. (2008) (Source: Reprinted from 

Ref. [142]), b) Jang et al. (2008) (Source: Reprinted from Ref. [143]), c) Chao et al. (2011) (Source: 

Reprinted from Ref. [144]), and d) Ma et al. (2019) (Source: Reprinted from Ref. [145])   
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Chao et al. (2011) fabricated a micro-pump with three chambers connected in series 

and by channels. At the top of each chamber, a piezoelectric actuator was glued onto 

the diaphragm. The same voltage and frequency were applied to piezoelectric actuator. 

In order to perform a peristaltic motion, four-phase actuation sequence was selected 

which were in the form of 1 0 0–1 1 0–0 1 1–0 0 1. Here “1” showed the suction and 

“0” showed the discharge phenomena occurs. Figure 2.3.c shows the presented 

peristaltic micro-pump of Chao et al. (2011). In this study, they performed the charge 

recovery function using the driving circuit of the PZT actuator. The performance of 

this micro-pump at 80 VP-P was increased by approximately 34% [144].  

 

Ma et al. (2019) fabricated a peristaltic micro-pump which was integrated on a 

microfluidic chip. The schematic of this micro-pump was shown in Figure 2.3.d. The 

main components of this micro-pump were flexible microchannel, three piezoelectric 

actuator, PDMS diaphragm and micro pins. There were three micro pins on diaphragm 

each connected to a piezoelectric actuator. The piezoelectric actuator force transferred 

to the diaphragm by the pins. The pins vibrated the diaphragm of this micro-pump with 

T/6 phase shift. In this study, the two peristaltic micro-pumps outlet was connected to 

investigate the effect of voltage and frequency on the performance of the presented 

micro-pumps. One of the micro-pumps used blue dye water and another yellow dye 

water. For one of the micro-pumps blue dye water and for another yellow dye water 

were used. These dye waters passed a zigzag direction from the point where they were 

mixing together. They gained the effect of voltage and frequency on the performance 

of the micro-pump according to the water dye changes [145].   

 

2.5. Piezoelectric Micro-pumps With Check-Valves 

 

The check-valve, non-return valve or one-way valve is a kind of valve that allows the 

fluid to move in just one direction and completely prevents backflow. However, these 

valves have a complex structure and this issue was completely explained in Chapter 1. 

Easy fabricate is one of the important features in the micro-pump design. In this case, 

the miniaturization, care and maintenance of the micro-pump will be less problematic. 

The novel accomplished study on this project is based on valveless micro-pumps. 



22 
 

 
 

Therefore, in this study, these types of micro-pumps are more emphasized. However, 

there are many studies in the literature about piezoelectric micro-pumps with check-

valves. In this section, important accomplished studies in this area are briefly 

reviewed.  

 

Junwu et al. (2005) fabricated two piezoelectric cantilever-valve micro-pumps. The 

difference of these micro-pumps was in their cantilever-valves which were 2.5 mm 

and 3 mm respectively. The micro-pump with larger cantilever-valve had a higher flow 

rate. The schematic of the cantilever valve was shown in Figure 2.4.a [146].   

 

Ma et al. (2008) fabricated a one-sided actuating piezoelectric micro-pump for a closed 

water-cooling system. The chamber of this micro-pump constructed of an aluminum 

by CNC machine. In this study, check-valve which was in the form of a cantilever 

beam were used in the pump chamber. The material of the check-valve and diaphragm 

in this micro-pump was PDMS. The working principle of the investigated valve was 

shown in Figure 2.4.b. The maximum flow rate for this micro-pump was 72 ml/min 

when ±50 V (AC) and 100 Hz applied to the piezoelectric actuator [147].   

 

 

Figure 2.4. Mechanical structure of check-valve recommended by a) Junwu et al. (2005) (Source: Reprinted from 

Ref. [146]), b) Ma et al. (2008) (Source: Reprinted from Ref. [147]), c) Cheng et al. (2013) (Source: 

Reprinted from Ref. [148]), and d) Ren et al (2016) (Source: Reprinted from Ref. [149])  
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Cheng et al. (2013), used the check-valve in the proposed micro-pump for backflow 

management. An exploded view of this piezoelectric micro-pump was shown in Figure 

2.4.c. The connected check-valves to the chamber were bridge-type. The working 

principle of these valves depended on the vibrational position of the diaphragm and 

performed the operation of opening and closing channels accordingly. Therefore, in 

the supply mode, the output channel closed and the input channel opened. In contrast, 

in the pump mode, the output channel was opened and the input channel was closed. 

The maximum flow rate of this micro-pump was obtained 1.82 ml/min at 120 VP-P and 

160 Hz [148].   

 

Ren et al (2016), proposed the use of the string type check-valve for the inlet and outlet 

of the fluid into the chamber. The structure of the string type check-valve was shown 

in Figure 2.4.d. The components of this check-valve were a valve seat and flexible 

rubber strings. There were rectangular holes on the valve seat. These rectangular holes 

completely covered by rubber strings when the diaphragm did not vibrate and the 

pressure of the chamber was zero.  The pressure changes inside the chamber caused 

the opening and closing of the rubber strings. In the supply mode, the rubber strings 

of the inlet channel were opening. In pump mode, the rubber strings of output channel 

were opening. In this micro-pump, the water was chosen for pumping operation. The 

maximum obtained flow rate was 67.1 ml/min, when the sinusoidal voltage of 170 VP-

P and 1 kHz were applied to the piezoelectric actuator [149].   

 

2.6. Piezoelectric Micro-pumps With No-Moving-Part Valves 

 

The structure of micro-valves has an important role in the micro-pump performance. 

Therefore, the discussed parameters in Chapter 1 including the diodicity capability and 

easy fabrication and another parameter should be considered in the selection of the 

valves. In Chapter 1, the mechanism of no-moving-parts valves was explained. Here, 

the application of nozzle/diffuser elements in piezoelectric micro-pumps and the 

innovations that were used in their structure are explained briefly.   
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The first idea of using no-moving-part valves was presented by Goran Stemme and 

Eric Stemme in 1993 [91]. They fabricated a piezoelectric micro-pump and they used 

nozzle/diffuser elements for flow diodicity. They obtained useful experimental data 

from this micro-pump. Other researchers have used these data in later works and 

studies. Experimental data showed that the flow rate diagram varies linearly with the 

pressure head for the micro-pump. The valveless micro-pumps investigated by many 

researchers. One of the most important studies was Forster et al. (1995) works. For the 

first time, they studied the viscosity loss and the dynamic drop-in nozzle/diffuser 

elements and Tesla valves [150].  

 

Forster et al. (2002) proposed a Tesser valve with parametric design. The Tesser valve 

was performed from the combination of Tesla valve geometry and nozzle/diffuser 

elements. Thus, the Tesser valve was more complex than the nozzle/diffuser elements 

and Tesla valves and had many independent geometric parameters. The two-

dimensional schematic of the Tesser valve was shown in Figure 2.5.a. In this study, 

the Tesser valve performance was compared with the nozzle/diffuser elements and a 

Tesla valve. The simulation results showed that the performance of nozzle/diffuser 

elements and tesla valve were better than Tesser valve. Additionally, the simulation 

results determined that nozzle/diffuser elements in the low Reynolds number (Re < 

100) and tesla valves in the high Reynolds number (Re > 100) had better performance 

[151].  

 

Cui et al. (2008) proposed a valveless piezoelectric micro-pump and its performance 

was investigated by Finite Element Method (FEM). The two-dimensional schematic 

of the nozzle/diffuser element was shown in Figure 2.5.b. Their simulation results 

showed that at fixed frequencies, increasing the voltage increased the pump flow rate 

and the pressure. Additionally, increasing the length of the nozzle/diffuser element 

increased the flow rate and reducing the diffuser angle increased the net flow rate of 

the micro-pump. The outlined highlights of this micro-pump included high reliability, 

low sensitivity to drug particles, and good biocompatibility [152].  
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Figure 2.5. Mechanical structure of no-moving-part valve recommended by a) Forster et al. (2002) (Source: 

Reprinted from Ref. [151]), b) Cui et al. (2008) (Source: Reprinted from Ref. [152]), c) Guan et al. 

(2009) (Source: Reprinted from Ref. [153]), and d) Ji et al. (2019) (Source: Reprinted from Ref. [154]) 

 

Guan et al. (2009) fabricated silicon-based saw-tooth microchannels using Deep 

Reactive Ion Etching (DRIE) techniques. In this study, the performance of saw-tooth 

microchannel was compared with the performance of nozzle/diffuser elements at 

different voltages, frequencies, and driving signals. The maximum flow rate of the 

micro-pump with saw-tooth microchannel was 1.85 times higher than the micro-pump 

with the traditional nozzle/diffuser elements. The saw-tooth microchannel was shown 

in Figure 2.5.c [153].   

 

Ji et al. (2019) simulated three piezoelectric micro-pumps in COMSOL Multiphysics 

and they fabricated the proposed micro-pumps. In this micro-pump, the piezoelectric 

actuator was clamped on the upper chamber wall and the nozzle/diffuser elements were 

connected to the lower wall of the chamber. The schematic of nozzle/diffuser elements 

and valve holes were shown in Figure 2.5.d. Two holes with a diameter of 3 mm 

performed in the lower wall for attaching nozzle/diffuser elements to the chamber. In 

this study, the effect of space of valve hole investigated on the performance of 

piezoelectric micro-pump. The performance of micro-pump was investigated in three 

different spaces of the holes and these spaces were 15 mm, 3 mm, and 25 mm. The 

maximum flow rate was obtained for the micro-pump with 3 mm hole space that it was 



26 
 

 
 

8.43 ml/min. The flow rate of this micro-pump toward the micro-pumps that the hole 

spaces were 15 mm and 25 mm was 13.6% and 47.1% higher respectively. It should 

be noted that the obtained results from the performance of this micro-pumps were 

almost identical in the simulation and numerical analysis method [154]. 

 

2.7. Multi-Chamber Piezoelectric Micro-pumps   

 

Recently, the study of multi-chamber piezoelectric micro-pumps have received special 

attention. Due to the alternating flow rate, the application of single-chamber micro-

pumps is limited. In the literature, the performance of multi-chamber and single 

chamber micro-pumps were compared. According to the studies, multi-chamber 

micro-pumps had good stability and high flow rate compared to single-chamber micro-

pumps. There are many studies in the literature, for example; Lintel et al. (1988) 

proposed a two-chamber piezoelectric micro-pump. They fabricated this micro-pump 

based on micromachining of silicon technology. They also used passive silicon check-

valves for diodicity of flow rate [155]. Cao et al. (2001) simulated a three-chamber 

piezoelectric micro-pump. The chambers were connected in series by channels. Figure 

2.6.a shows the schematic of the proposed micro-pump. The inlet micro-valve of this 

micro-pump was attached to the left-handed chamber and the outlet micro-valve was 

attached to the right-handed chamber. Each chamber had a separate diaphragm and 

piezoelectric actuator. In this micro-pump, they were able to improve the flow rate by 

creating peristaltic motion [156].  

 

Kan et al. (2008) fabricated a multi-chamber micro-pump to achieve a high flow rate 

at low voltage (see Figure 2.6.b). The housing of proposed micro-pumps fabricated 

from PMMA and the diameter of the chambers were 10 mm and their height was 0.2 

mm. They used cantilever valves for fluid inlet and outlet in this micro-pump and the 

size of these valves was 4 mm × 1.35 mm. In this study, firstly, the effect of the number 

of chambers on the net flow rate was investigated. Secondly, the effect of frequency 

was studied on the net flow rate. Finally, the maximum flow rate was obtained 7.6 

ml/min when the four piezoelectric micro-pumps were connected in series and 40 V 

and 300 Hz were applied to piezoelectric actuators [157].  
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Figure 2.6. Design of the proposed multi-chamber piezoelectric micro-pump by a) Cao et al. (2001) (Source: 

Reprinted from Ref. [156]), b) Kan et al. (2008) (Source: Reprinted from Ref. [157]), c) Ma et al. (2011) 

(Source: Reprinted from Ref. [158]), and d) Jang et al. (2011) (Source: Reprinted from Ref. [159]) 

 

Ma et al. (2011) fabricated a one-sided actuating piezoelectric valveless micro-pump 

with a secondary chamber. In this paper, they proposed a two-chamber micro-pump 

that the secondary chamber located between the primary chamber and the output 

channel (see Figure 2.6.c). The upper part of two chambers was sealed by PDMS and 

a rectangular piezoelectric plate was glued on the diaphragm of the primary chamber. 

However, the diaphragm of the secondary chamber vibrated consonant with primary 

chamber diaphragm. Consequently, the maximum net flow rate was obtained 1.183 

ml/s at 150 Hz. The net flow rate of this micro-pump due to the addition of a second 

chamber was increased to 0.989 ml/s [158]. Jang et al. (2011) proposed a three-

chamber micro-pump that the diameter of all three chambers was 12 mm (see Figure 

2.6.d). Glass was used as a diaphragm in this micro-pump. Additionally, square 

piezoelectric actuators with dimensions of 12 mm × 12 mm attached on the 

diaphragms. The sequences of 3-4 and 6 phase actuation was applied to perform 

peristaltic motion. The best performance of this micro-pump was in 6 phase sequence. 

The maximum net flow rate was obtained 36.8 μl/min at 100 VP-P and 700 Hz [159].  
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2.8. Scope of The Thesis   

 

Literature survey shows that there are many studies about the piezoelectric actuated 

diaphragm micro-pumps.   For example, Zhang et al. (2013a) fabricated a single 

piezoelectric diaphragm micro-pump and used check-valves in the inlet and outlet of 

the chamber. In the presented study, the effects of voltages and frequencies that cause 

flow rate changes on the micro-pump were investigated. Therefore, the piezoelectric 

actuator was divided into two parts as driving unit and sensing unit. However, they did 

not report that use any isolating diaphragm between the piezoelectric actuator and 

water. The maximum flow rate was 45.98 ml/min which obtained at 150 VP-P and 30 

Hz, additionally, the sensing voltage achieves a maximum value of 3.02 VP-P [160]. In 

addition, Zhang et al. (2013b) presented a prototype micro-pump with double 

piezoelectric diaphragm which serial connected. The size of the prototype micro-pump 

was 65 mm × 40 mm × 12 mm. They showed that the advantages of double actuator 

micro-pumps and maximum flow rate in prototype micro-pump was 45.98 ml/min 

which obtained at 200 V and 15 Hz [161]. For fuel delivery applications, Wang et al. 

(2014) fabricated a check-valve micro-pump was composed of three parts, namely, 

piezoelectric actuator, chamber and valves. The novelty of this work consists of 

compressible spaces made of PMMA plate that was mounted at the bottom of the 

micro-pump. As a result, the compressible spaces caused to increase flow rate. The 

maximum flow rate of 105 ml/min were obtained when the piezoelectric actuator was 

driven with 400 VP-P and 490 Hz [162]. Ma et al. (2015a) reported a piezoelectric-

based micro-pump for biomedical applications. They designed the chamber in the form 

of rib structures to direct the flow. Consequently, the maximum flow rate was reported 

as 196 ml/min at 70 V and 25 Hz [163]. Ma et al. (2015b) designed low flow 

piezoelectric micro-pump with check-valves.  The chamber was fabricated from the 

PMMA and the diameter was 10 mm. The important highlight of this study was the 

new diaphragm model that fabricated a cylindrical protrusion had clamped to the 

center of the micro-pump's PDMS diaphragm. Additionally, the effects of chamber 

depth and diaphragm thickness on flow rate were investigated. As a result, the 

maximum obtained flow rate was 6.21 ml/min [164]. Pan et al. (2015) studied on the 

same micro-pump done by Wang et al. (2014). However, in this study a square wave 
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voltage and sinusoidal wave voltage were used to drive the piezoelectric actuator. 

Consequently, the performance of this micro-pump at the square wave voltage was 

much better than the sinusoidal wave voltage. Thus, the maximum flow rate was 163.7 

ml/min when the piezoelectric actuator was driven with a square-wave voltage of 400 

VP-P and 445.5 Hz [165]. In another study of Ma et al. (2016) designed the valveless 

piezoelectric micro-pump for biomedical applications. The only difference was that 

the vibrator of the micro-pump was a piezoelectric bimorph actuator connecting with 

Polyethylene Terephthalate (PET) diaphragm. The maximum flow rate was 9.1 ml/min 

[166]. The paper of Okura et al. (2017) reported a microfluidic droplet creation device 

consisting of a PDMS microfluidic chip in the field of drug delivery. The maximum 

flow rate of this micro-pump was reported as 10 ml/min at 250 VP-P and 60 Hz [167]. 

Eventually, Ye et al. (2018) fabricated a new micro-pump design by adding a thin steel 

blocking edge which was pressed perpendicularly to the center of the check-valve film. 

They reported that the flow rate increased by 40% - 300% and the maximum flow rate 

was obtained 187.2 ml/min [168].   

 

Many studies have been carried out on micro-pumps. However, none of them contain 

detailed information about design parameters, mechanical and electrical effects on 

flow rates. In addition, new designs have been proposed by different researchers, but 

there are no studies supporting each other. In this study, two novel PZT based micro-

pumps have been fabricated which can be used in a wide range of areas such as 

mechanical, energy and biomedical applications. The novelty of this study was that the 

BDM (Bi-diaphragm Micro-pump) and SDM (Single Diaphragm Micro-pump) had a 

fixed reservoir near the chamber to achieve portable and controllable features. Another 

geometric novelty was that the BDM consisted of a chamber sandwiched between two 

diaphragms actuated by two piezoelectric actuators at the same time to achieve high 

flow rate. According to literature survey, there is no similar micro-pump geometry in 

the presented studies. In order to compare the performance of the BDM, we fabricated 

the SDM with same geometric parameters and material. All the structure elements of 

the micro-pumps were selected as biocompatible. Therefore, the silicon was chosen as 

a diaphragm in these micro-pumps, and the PMMA was used to fabricate the chamber, 

nozzle/diffuser elements and reservoir. Profilometer, Scanning Electron Microscopy 
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and Field Emission Microscopy were used for surface roughness characteristics of the 

fabricated micro-pumps. Drop shape analysis was used to test hydrophobic or 

hydrophilic behavior of the PMMA material. At last, a tensile test was applied for 

elastic behavior of the silicon diaphragm. Consequently, experimental flow rates were 

measured and it was shown that BDM had higher flow rates at all frequency and 

voltage levels.   



 
 

 
 

 

 

 

 

CHAPTER 3. MATERIALS AND METHODS 

 

 

This chapter is the beating heart of the presented study. Because the stages of designing 

and fabricating processes of the novel micro-pumps are investigated in this chapter. 

Additionally, the different computational methods used in the study of the proposed 

micro-pumps are presented in this chapter. This chapter is organized as follows. The 

working principle of the novel piezoelectric micro-pumps is explained in Section 1. 

Additionally, the specifications of the material used in different parts of the micro-

pumps are explained by reasons. The theoretical analysis of diaphragm is described in 

Section 2. The micro-pump calibration and flow test are explained in Section 3. 

Additionally, the theoretical analysis of microfluidic is described in Section 3.    

 

3.1. Micro-pump Design and Working Principle  

 

In this study, two novel piezoelectric actuated (lead zirconate titanate-PZT) valveless 

micro-pumps that can achieve high flow rates by pumping chambers and fixed 

reservoirs were designed and fabricated. The structure of piezoelectric micro-pumps 

was shown in Figure 3.1. These micro-pumps consist of fluid reservoir, chamber, 

nozzle/diffuser elements, silicon diaphragm and piezoelectric actuator. We fabricated 

the chamber, nozzle/diffuser and fluid reservoir in the clean room by using the 

Objet260 Connex3 Printer. The material of these elements was PMMA. Additionally, 

in this study, piezoelectric coated brass disks were used, which can be available 

commercially. Moreover, silicon diaphragm was the separator layer of piezoelectric 

actuator with water. To study the characteristics of the silicon diaphragm “Tensile 

Test” was performed. In addition, the silicon diaphragm properties can be summarized 

as; Young's modulus (162 GPa), Poisson's ratio (0.22) and density (2329 kg/m3) 

respectively. The optimum nozzle diffuser divergence angle was reported 10-degrees 

[120]. Therefore, in this study the nozzle/diffuser divergence angle was chosen 10-



32 
 

 
 

degrees. Inlet and outlet diameters of nozzle/diffuser elements were designed to be 0.2 

mm and 2 mm, respectively. The height of the reservoir and radius were 20 mm and 

25 mm, respectively. The geometric parameters of the micro-pumps’ components were 

given in the Table 3.1.    

 

As shown in Figure 3.1., the geometric and physical parameters of the two micro-

pumps were exactly equal. The only difference between these two micro-pumps was 

in the number of diaphragms and the piezoelectric. Thus, that in the Single Diaphragm 

Micro-pump (SDM), in the upper part of the chamber, there was a silicon diaphragm 

and a piezoelectric actuator. While in the Bi-diaphragm Micro-pump (BDM), two 

silicon diaphragm and two piezoelectric actuators were used. In other words, our 

proposed configuration (BDM) consists of a chamber sandwiched between two 

diaphragms. Essentially, the novelty of this work was that the BDM had two 

vibrational diaphragms that were placed in parallel. Figure 3.2. shows the prototype 

micro-pumps fabricated by PMMA material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.  Exploded view of the micro-pumps, (a) SDM, (b) BDM 
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Table 3.1. The geometrical characteristics of micro-pumps components 

Micro-pump component Specifications (mm) 

Chamber diameter (dCh) 25 

Chamber height (hCh) 4 

Nozzle diameter (dN) 0.2 

Diffuser diameter (dD) 2 

Silicon diaphragm diameter (dS) 25 

Silicon diaphragm thickness (tS) 0.1 

Piezoelectric actuator diameter (dP) 14 

Piezoelectric actuator thickness (tP) 0.2 

Reservoir height (hR) 20 

Reservoir diameter (dR) 50 

 

Figure 3.3. indicates the working principle of the proposed micro-pumps. The working 

principle and displacement measurement of the represented micro-pumps in this study 

were similar to the studies by [169, 170]. Applying alternative voltage causes 

piezoelectric deformation that is called reverse piezoelectric effect. The piezoelectric 

displacement rate depends on the amount of applied voltage and its direction. The 

mesh convergence method was used by COMSOL Multiphysics 4.3 to obtain required 

displacement amplitude of the diaphragm where the values were saturated. The 

working principle of piezoelectric actuators include two stages, namely, the discharge 

and the suction. By applying the sinusoidal voltage, the diaphragm vibrates. In the 

positive half-cycle of the sinusoidal voltage, the diaphragm bends upwards, and in this 

situation, the liquid suction was carried out from the reservoir to the chamber. In the 

negative half-cycle of the sinusoidal voltage, the diaphragm bends downward and the 

discharge of fluid from the chamber takes place. In this study, the same voltage and 

frequencies were applied to piezoelectric of both micro-pumps. However, the 

sinusoidal voltage was applied with 180-degrees phase shift to BDM’s piezoelectric 

actuators. The phase shift increased the suction and discharge force of the BDM 

compared to the SDM. In other words, increasing discharge and suction force resulted 

in an increase in net flow rate. The net flow rate results were given in Chapter 4. 
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Figure 3.2.  Fabricated micro-pumps, (a) SDM, (b) BDM 

 

 

 

 

 

 

 

 

Figure 3.3.  The working principle of the proposed micro-pumps, (a) SDM, (b) BDM 

 

3.2. Displacement Analysis of Multi-Layer Piezoelectric Actuator     

 

In this study, under the uniform fluid pressure and voltage load, the static displacement 

of the multi-layer circular actuator that contain silicon at the bottom, the passive 

structure made of brass at the center, and the active PZT on the top is investigated 

analytically, numerically and experimentally. The multi-layer actuator model is 

composed of three main layers in different radii with silicon, brass and PZT, and of 

four interlayers with silver and adhesive. In the modeling studies, classical multi-layer 

plaque theory based on Kirchhoff thin plate theory is used. The mathematical model, 

which is the solution of the static displacement equation of the non-homogenous multi-

layer actuator of micro-pump, depends on the applied voltage and pressure load 

together with the material and physical properties. The electric-solid interaction of the 
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piezoelectric actuator and the silicon diaphragm (layer) under the effect of applied 

voltage load, and the silicon-fluid interaction under the uniform fluid pressure are 

simulated by modeling with finite elements. In addition, the maximum displacement 

of the multi-layer actuator with silicon exposed to flow and voltage load was measured 

experimentally. It was observed that the results obtained from analytical model, finite 

element analysis and experimental studies were sufficiently compatible with each 

other.  

 

3.2.1. Static modeling of multi-layer actuator displacement  

 

The structure of the multi-layer actuator was shown in Figure 3.4. The silicon, brass 

and PZT layers were connected by thin layers of adhesive. The effect of any layer was 

not neglected. The displacement caused by the voltage load applied to the PZT layer 

is amplified and transmitted to the silicon layer, which is the elastic layer, and then to 

the fluid, so that the fluid moves from the inlet to the outlet. Silicon, which was the 

elastic layer of the multi-layer actuator, was exposed to built-in boundary conditions 

throughout its circumference. The circular coordinate system was selected for 

analytical modeling of a multi-layer actuator with a circular geometry.      

 

The classical laminated plate theory (CLPT) based on Kirchhoff’s thin plate theory 

was used to obtain closed form displacement solutions and to analytically model the 

multi-layer circular actuator structure subjected to fluid pressure and voltage load. 

Accordingly, for lateral and transverse deviations of a multi-layered axial symmetry 

laminated actuator the general solution was obtained by the classical laminated plate 

theory. This multi-layer actuator consists of a uniform thickness of silicon, brass and 

PZT layers with “Ri”, “Rm” and “Ro” radii respectively. The closed form of transverse 

displacement of the bottom silicon layer forming the multi-layer actuator was found 

by the general solution. According to CLPT, all multi-layer actuator layers were 

perfectly connected to each other.   
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Figure 3.4.  The structure of the multi-layer actuator, (a) the circular coordinate system, (b) physical layer structures, 

(c) the forces and moments of the diaphragm volume element 

 

The material of each layer was isotropic and obeyed the Hook’s law. The thicknesses 

of the layers were uniform. The strain and displacements were very small and plane 

strain conditions were valid. The transverse shear forces on the top and bottom surfaces 

of each layer were close to zero. In addition, PZT coefficients were assumed to be 

isotropic (d31 = d32). In Kirchhoff’s thin plate theory, “σr”, “σθ” and “τrz” are axial 

stresses for small displacements. “σr” and “σθ” are the normal stresses in radial and 

angular directions, “τrz” indicates the shear stress from the “r” radial direction to “z” 

the normal direction.  

 

Kinematic relations of identical layers of equal radii were defined in circular polar 

coordinates. The mid-plane of the silicon layer at the bottom of the piezoelectric 

actuator was selected as the reference plane. The z-axis was selected as the vertical 

axis. Each multi-layer actuator layer is sequentially located as i = 1, 2…, n from the 

lowest silicon layer. The bottom surface of the silicon layer was the z0 plane and the 

upper surface of each layer was the zi plane. Thus, the thickness of each layer was hi 

= zi-zi-1.  

 

According to Kirchhoff’s thin plate theory for polar coordinates, the radial (εrr) and 

circumferential strain (εθθ) relations of all points on the mid-plane of the reference 

silicon plane are as follows.   
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εrr =
∂ur

∂r
                                                                                                                                                        (3.1) 

 

εθθ =
ur

r
                                                                                                                                                          (3.2) 

 

Here, the radial (ur) and lateral (uθ) displacements of the reference plane are given as; 

 

ur = −z
∂w

∂r
                                                                                                                                                   (3.3) 

 

uθ = −
z

r

∂w

∂r
                                                                                                                                                  (3.4) 

 

where, “w” is the transverse displacement of the reference plane in the vertical (z) 

direction; and “θ” is the transverse slope. With the help of radial (ur) and lateral (uθ) 

displacement expressions, the radial and circumferential (lateral) strain relations for 

the displacement of the reference plane are as follows. 

 

εr =
∂ur

∂r
= −z

∂2w

∂r2                                                                                                                                     (3.5) 

 

εθ =
ur

r
= −

z

r

∂w

∂r
                                                                                                                                        (3.6) 

 

The PZT layer of the multi-layer actuator was polarized along the vertical z-axis 

through its thickness. It was assumed that the electric field applied to the PZT layer of 

the actuator was homogeneous throughout the layer thickness.  

 

ε1 = s11
E σ1 + E3d31                                                                                                                                 (3.7) 

 

s11
E = 1 Ep⁄                                                                                                                                                    (3.8) 

 

where, “s11
E ” is the elastic compliance constant, “Ep” is Young’s modulus of the PZT 

layer, “d31” is PZT constant, “E3” is the electric field strength along the vertical z-axis 

and changes to “E3 = V / tpzt” depending on the applied voltage load. According to the 
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thin plate theory, in the case of axisymmetric displacement, small in-plane shear 

components can be negligible. Assuming a linear strain distribution along with the 

multi-layer actuator layers, the strain constitutive equations for any layer will be 

similar to Equation 3.9. 

 

{
Sr

Sθ
} = {

∂ur

∂r
− E3d31

ur

r
− E3d31

} − z {

∂2w

∂r2

1

r

∂w

∂r

}                                                                                                     (3.9) 

 

Hence continuity equations for radial and circumferential stress will be as in Equation 

3.10. 

 

{
σr

σθ
} =

E

1−μ2 [
1 μ
μ 1

] {
Sr

Sθ
}                                                                                                                     (3.10) 

 

where “E” is the Young’s modulus of the respective layer and “μ” is the Poisson's ratio 

of the respective layer. The Poisson's ratio is “μ = −s12
E  / s11

E ” for the PZT layer. The 

radial and circumferential force resultants, “Nr” and “Nθ” are;  

 

{
Nr

Nθ
} = D1 {

∂ur

∂r
− E3d31

ur

r
− E3d31

} − D2 {

∂2w

∂r2

1

r

∂w

∂r

}                                                                                       (3.11) 

 

The bending moments per unit length, “Mr” and “Mθ”, are radial and circumferential 

directions are; 

 

{
Mr

Mθ
} = D2 {

∂ur

∂r
− E3d31

ur

r
− E3d31

} − D3 {

∂2w

∂r2

1

r

∂w

∂r

}                                                                                      (3.12) 

 

Here, the bending stiffness matrix of the circular plate “D1”, “D2” and “D3” are as 

follows.  
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D1 = ∑ ∫
Ei

1−μi
2 [

1 μi

μi 1
] dz

zi

zi−1

n
i=1                                                                                                      (3.13) 

 

D2 = ∑ ∫
Eiz

1−μi
2 [

1 μi

μi 1
] dz

zi

zi−1

n
i=1                                                                                                      (3.14) 

 

D3 = ∑ ∫
Eiz2

1−μi
2 [

1 μi

μi 1
] dz

zi

zi−1

n
i=1                                                                                                      (3.15) 

 

Equations of equilibrium in terms of the multi-layer piezoelectric actuator force, 

depending on the constant pressure “P”, are as follows.  

 

dNr

dr
+

Nr−Nθ

r
= 0                                                                                                                                      (3.16) 

 

dQr

dr
+

Qr

r
+ P = 0                                                                                                                                    (3.17) 

 

Here, Nr and Nθ are radial and tangential normal forces. “Qr” is the vertical shear force 

in the Equation 3.18. 

 

Qr =
dMr

dr
+

Mr−Mθ

r
                                                                                                                                 (3.18) 

 

The new equations are obtained by replacing the Equation 3.11 and Equation 3.12 in 

the Equation 3.16 and Equation 3.18, respectively. 

 

D11 {
∂2ur

∂r2 +
1

r

∂ur

∂r
−

ur

r2} − D21 {
∂3w

∂r3 +
1

r

∂2w

∂r2 −
1

r2

∂w

∂r
} = 0                                                  (3.19) 

 

D21 {
∂2ur

∂r2 +
1

r

∂ur

∂r
−

ur

r2} − D31 {
∂3w

∂r3 +
1

r

∂2w

∂r2 −
1

r2

∂w

∂r
} = Qr                                               (3.20) 

 

Here, “D11”, “D21” and “D31” are as follows. 

 

D11 = ∑
Ei(zi−zi−1)

1−μi
2

n
i=1                                                                                                                            (3.21) 
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D21 = ∑
Ei(zi

2−zi−1
2 )

2(1−μi
2)

n
i=1                                                                                                                           (3.22) 

 

D31 = ∑
Ei(zi

3−zi−1
3 )

3(1−μi
2)

n
i=1                                                                                                                           (3.23) 

 

By evaluating Equation 3.19 and Equation 3.20 together, Equation 3.24 and Equation 

3.25 are given as follows. 

 

∂4w

∂r4 +
2

r

∂3w

∂r3 −
1

r2

∂2w

∂r2 +
1

r3

∂w

∂r
= K1P                                                                                              (3.24) 

 

∂2ur

∂r2
+

1

r

∂ur

∂r
−

ur

r2
=

4

r
K3C3 +

K2Pr

2
                                                                                                  (3.25)  

 

 “K1”, “K2” and “K3” are physical stiffness parameters and they are given in Equation 

3.26, Equation 3.27 and Equation 3.28, respectively.  

 

K1 =
D11

D11D31−D21
2                                                                                                                                       (3.26) 

 

K2 =
D21

D11D31−D21
2                                                                                                                                       (3.27) 

 

K3 =
D21

D11
                                                                                                                                                      (3.28) 

 

Equation 3.24 shows the transverse movement of all points of the multi-layer actuator. 

This equation is non-homogeneous fourth order linear ordinary differential equation. 

Equation 3.25 is a non-homogeneous second order linear ordinary differential equation 

that shows the lateral movement of all points of the multi-layer actuator. The transverse 

and lateral general solution of the multi-layer actuator can be found as in Equation 

3.29 and Equation 3.30.  

 

w(r) = C1r2 + C2 ln r + C3r2 ln r + C4 +
K1P

64
r4                                                                 (3.29) 
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u(r) = C3K3(2 ln r − 1)r + C5r + C6
1

r
+

K2P

16
r3                                                                  (3.30)  

 

where “C1”, “C2”, “C3”, “C4”, “C5” and “C6” are the integration constants obtained 

from the boundary conditions. Note that the solutions obtained are not a function of 

voltage. However, the constants “C1”, “C2”, “C3”, “C4”, “C5” and “C6” contain 

physical parameters such as material properties, as well as the voltage function applied 

to the PZT layer. Therefore, after applying the boundary conditions, the voltage 

parameter will also appear in the equations. Silicon diaphragm was fully clamped on 

to the chamber (see Figure 3.5.). To obtain the transverse displacement of a partially 

covered and seven-layer actuator, the structure was divided into three steps: exterior 

annulus (Rm ≤ r ≤ Ro), the middle annulus (Ri ≤ r ≤ Rm) and interior core (0 ≤ r ≤ Ri) 

(see Figure 3.6.).   

 

 

Figure 3.5. Cross-sectional schematic view of the multi-layer actuator 
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Figure 3.6. Convention for coordinate frame and the positive directions of the forces and moments 

 

With the help of Equations 3.29 and Equations 3.30, the transverse and lateral 

displacements for the actuator layer were rearranged from the Equations 3.31 to 

Equation 3.36. 

 

wext(r) = C1r2 + C2 ln r + C3r2 ln r + C4 +
K1

extP

64
r4            Ri ≤ r ≤ Rm              (3.31) 

 

wmid(r) = C7r2 + C8 ln r + C9r2 ln r + C10 +
K1

midP

64
r4        Ri ≤ r ≤ Rm              (3.32) 

 

wint(r) =
K1

intP

64
r4 + C13r2 + C14 ln r + C15r2 ln r + C16       0 ≤ r ≤ Ri                 (3.33) 

 

uext(r) = C3K3
extr(2 ln r − 1) + C5r + C6 +

K2
extP

16
r3           Ri ≤ r ≤ Rm               (3.34) 

 

umid(r) = C9K3
midr(2 ln r − 1) + C11r + C12 +

K2
midP

16
r3     Ri ≤ r ≤ Rm              (3.35) 
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uint(r) =
K2

intPr3

16
+ C15K3

intr(2 ln r − 1) + C17r + C18
1

r
      0 ≤ r ≤ Ri                   (3.36) 

 

Here, “wext”, “wmid”, “wint” were transverse displacements solutions of external area, 

middle area, and center (internal) area, respectively.   “uext”, “umid”, “uint” were lateral 

displacements solutions of external area, middle area and center (internal) area, 

respectively. Provided that according to Hooke's law the displacement of the center 

point of the actuator structure (r = 0), accepted to operate in the elastic region is limited, 

it is required “C14”, “C15” and “C18” to be zero in Equation (3.33) and Equation (3.36). 

(C14 = C15 = C18 = 0). The boundary conditions of the multi-layer actuator components 

are given from Equation (3.37) to Equation (3.51). By applying these boundary 

conditions in transverse displacement Equations of (3.31), (3.32) and (3.33), other 

coefficients “C1”, “C2”, ...can easily be found. In the later stages of the study, only 

transverse displacements are considered, rather than lateral displacements.  

 

Boundary conditions on the outer plate at r = Ro 

 

wext(Ro) = 0                                                                                                                                           (3.37) 

 

∂wext(Ro) ∂r⁄ = 0                                                                                                                                (3.38) 

 

uext(Ro) = 0                                                                                                                                            (3.39) 

 

The continuity and equilibrium conditions at r = Rm 

 

wext(Rm) = wmid(Rm)                                                                                                                      (3.40) 

 

∂wext(Rm) ∂r⁄ = ∂wmid(Rm) ∂r⁄                                                                                                 (3.41) 

 

uext(Rm) = umid(Rm)                                                                                                                        (3.42) 

 

Nr
ext(Rm) = Nr

mid(Rm)                                                                                                                      (3.43) 
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Mr
ext(Rm) = Mr

mid(Rm)                                                                                                                     (3.44) 

 

Qr
ext(Rm) = Qr

mid(Rm)                                                                                                                       (3.45) 

 

The continuity and equilibrium conditions at r = Ri 

 

wmid(Ri) = wint(Ri)                                                                                                                           (3.46) 

 

∂wmid(Ri) ∂r⁄ = ∂wint(Ri) ∂r⁄                                                                                                      (3.47) 

 

umid(Ri) = uint(Ri)                                                                                                                             (3.48) 

 

Nr
mid(Ri) = Nr

int(Ri)                                                                                                                           (3.49) 

 

Mr
mid(Ri) = Mr

int(Ri)                                                                                                                          (3.50) 

 

Qr
mid (Ri) = Qr

int(Ri)                                                                                                                           (3.51) 

 

The analytical solutions of the seven-layer and partially covered piezoelectric actuator 

in closed form can help to determine the static displacement behavior under constant 

voltage and fluid pressure. The physical parameters used to obtain the static 

displacement behavior of the multi-layer piezoelectric actuator were given in Table 

3.2. The physical properties of PZT were given in Table 3.3.  

 

Table 3.2. Physical properties of multi-layer piezoelectric actuator 

Layer Silicon Bonding Glue (b) Brass Bonding Glue (t) Silver PZT 

Radius (mm) 12.5 7 7 5 5 5 

Thickness (µm) 100 10 100 10 10 100 

Young's modulus (GPa) 162 5.17 110 5.17 40 63 

Poisson ratio 0.22 0.3 0.27 0.3 0.35 0.3 

Piezoelectric coefficient d31 (C/N) - - - - - 1.75×10-10 

 



45 
 

 
 

Table 3.3. Physical property of piezoelectric actuator (PZT-2) 

Property Tensor (in order of x, y, z, xy, yz and xz) 

PZT stress 
tensor e (C/m2) 































000

0077778.9

077778.90

05058.900

81603.100

81603.100

 

Elastic matrix 
CE (N/m2) 



























34.300000

022.20000

0022.2000

000000

00032.1180.680.6

00048.1378.648.13  

Compliance 
matrix (1/Pa) 































9.2900000

0450000

0045000

000000

00048.197.497.4

0006.1133.36.11
 

Relative 

permittivity 

(F/m) 















27000

01.5040

001.504  

 

3.2.2. Finite element analysis 

 

In this study, the mesh convergence method was used to obtain satisfactory 

displacement amplitude of the diaphragm where the values saturated. According to the 

results, the displacement reached maximum at the center and zero at the edges. Clearly, 

diaphragm in supply mode showed more displacement than pump mode. In contrast, 

we examined the diaphragm displacement in pump mode, because the diaphragm 

applied maximum force to the fluid in this period. The analysis was done when the 

excitation input was at 5 V and 5 Hz to the piezoelectric actuator. The analysis consists 

of four steps in the COMSOL Multiphysics 4.3 program. The four different types of 

meshes were selected. The number of meshes used in first step was less than the second 

step and this was repeated until the fourth step. The properties of the mesh were given 

in Table 3.4.  
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Table 3.4. Specifications of Finite Element Method (FEM) 

Domain element 

statistics 

Number of 

elements 

Minimum 

element 

quality 

Average 

element 

quality 

Element 

area ratio 

Maximum 

growth rate 

Average 

growth 

rate 

SDM 

Normal 9976 0.08694 0.8535 0.01245 3.521 1.34 

Fine 16832 0.1255 0.8758 0.02373 3.547 1.256 

Finer 44268 0.1262 0.9006 0.00727 3.481 1.264 

Ext. Fine 113730 0.1262 0.9196 0.00349 3.487 1.233 

BDM 

Normal 9767 0.1254 0.8505 0.01259 3.588 1.348 

Fine 15786 0.1272 0.8645 0.01951 3.519 1.257 

Finer 42861 0.1262 0.9013 0.00932 3.5 1.265 

Ext. Fine 113635 0.1262 0.9231 0.00351 3.492 1.229 

 

The error rates between the first meshing step (Normal) and the second meshing step 

(Fine) for the diaphragm displacement of SDM and BDM were 3.25 %, and 8.29 %, 

respectively. For these micro-pumps, the values were the very close at the second and 

subsequent steps. In the mesh convergence method, if the number of mesh elements is 

high, this increases the accuracy of the results. However, the analysis time will be 

highly increased. Therefore, we used the second step (Fine) mesh for the diaphragm 

displacement analysis. The displacement results were given in Chapter 4.  

 

3.2.3. Experimental analysis of diaphragm displacement  

 

The diaphragm displacement was experimentally measured with a Fotonic Sensor 

(MTI-2100, MTI Instruments, Albany, NY, USA). It is a Fiber-optic non-contract 

sensor that uses reflection electronic technologies to accurately measure of diaphragm 

displacement. It is worth mentioning that the diaphragm displacement depends on the 

geometry and material properties of the multi-layer piezoelectric actuator. In this study, 

the diaphragm displacement was measured with a sensitivity of 0.01 µin. The 

experimental diaphragm displacement measurement setup was shown in Figure 3.7. 

However, the results of the experimental measurements of the diaphragm displacement 

were shown in Chapter 4. 
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Figure 3.7. Experimental measurement setup of diaphragm displacement 

 

3.3. Micro-pump Calibration and Flow Test       

 

In this study micro-pumps and fluid reservoir were fabricated as adjacent as shown in 

Figure 3.8. Each micro-pump (SDM and BDM) had a fluid reservoir. The micro-pump 

chamber was connected with reservoir through a nozzle/diffuser element. The 

nozzle/diffuser elements did not have moving components. Therefore, when the 

voltage was not applied to the piezoelectric (inactive status), always a constant amount 

of flow rate was obtained due to water height in reservoir. Therefore, hydrostatic 

pressure gradient occurred from reservoir (pointed as 1 in Figure 3.8) to outlet (2) of 

micro-pump and head loss caused by a sudden increase or decrease could be 

considered in theoretical calculation.  

 

 

Figure 3.8.  The effect of reservoir height on flow rate 
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While energy equation was applied for the one-dimensional control volume for not 

pumping, extended Bernoulli equation is expressed in Equation 3.52; 

 

P1

ρg
+  

v1
2

2g
+ z1 =  

P2

ρg
+  

v2
2

2g
+  z2 + ∆htotal                                                             (3.52) 

 

P: Fluid pressure, v: Fluid Velocity, z: Height of streamline, ρ: Fluid density, g: Gravity 

constant. “P1” and “P2” are atmospheric pressures, “v1” and “z2” are equal to zero. 

Finally, “Δhtotal” total head loss is consisted of friction (f) and minor losses, 

 

∆htotal = (f 
L

D
+  ∑K) 

v2

2g
                                                                                      (3.53) 

 

where, “L” is the length, “D” is the diameter and “K” is the loss coefficient. In the 

literature, values of “K” have been studied for nozzle and diffusers [171, 172].  Based 

on literature studies, total head loss was obtained with Equation 3.53. Additionally, the 

theoretical flow rates were calculated according to the liquid height in the reservoir. 

Then theoretical flow rates are confirmed by the experimental data collected on 

inactive status.  In order to determine the flow rates caused only by piezoelectric 

actuator, the experiments were repeated while the piezoelectric actuator on active 

status. The flow tests for SDM and BDM micro-pumps were performed on active and 

inactive status and actual piezoelectric actuator flow rates were determined subtracting 

from each other.  

 

Water has been used as a working fluid in the investigation. In experiments, the fluid 

(water) was at ambient conditions (20.0 – 21.0 oC). Mass flow measurement has been 

done by both from precision glass syringe and measuring water weight collected on a 

digital balance (Mettler Toledo ML200T). All the measurements were repeated at least 

three times to improve reliability of the flow tests. The analyzed measurement 

uncertainties were calculated according to the method presented by Kline and 

McClintock [173]. Standard deviation of flow rates was calculated and random errors 

were determined by multiplying by 1.95 for 95% confidence level. Standard 

uncertainties of measured parameters were: 21 oC ±0.6 for inlet temperature; 60 s 
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±0.0003 for time interval; 10 g ±0.01 for digital balance and 999 kg/m3 ±0.1 for density 

of water. As a result, the highest uncertainties of volume and mass flow rate were 

calculated for tests under conducted 5 V and 5 Hz as ∓ 2.2 % and ∓ 2.3 % respectively. 

 



 
 

 
 

 

 

 

 

CHAPTER 4. RESULTS AND DISCUSSIONS  

 

 

The purpose of this chapter was to provide a general result of the proposed study. In 

this chapter, the results and achievements of the study have been interpreted 

specifically. Additionally, some of the previous studies related to the subject of this 

thesis are presented in this chapter. The results obtained of the presented micro-pumps 

in this thesis are compared and analyzed with those reported in the previous studies. 

Moreover, the advantages and disadvantages of the current study have been carefully 

investigated with previous studies.   

 

4.1. Drop Shape Analysis (DSA)  

 

Surface roughness, porosity and hydrophilicity are important factors in fluid 

mechanics because they can affect interactions between fluid and solid. The nozzle 

/diffuser elements, the chamber and the fluid reservoir were fabricated from PMMA. 

Drop shape analysis (DSA) was performed to determine the contact angle from the 

shadow image of a sessile drop and the surface tension or interfacial tension from the 

shadow image of a pendant drop. Drop shape analysis (DSA) was performed by 

KRÜSS (DSA100M, KRÜSS GmbH, Germany) measuring instruments with a 

sensitivity of 0.05˚. This test was repeated 3 times at 20˚C. The average of performed 

analysis of contact angle showed that a drop water was 58.36˚ (±2.85˚). The results 

showed that the PMMA used in this study was hydrophilic and usual no-slip boundary 

condition was still valid. In other words, there is no self-filling and fluid flow due to 

the hydrophilic properties in flow tests. The DSA results are shown in Figure 4.1.  
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Figure 4.1. Drop shape analysis for PMMA material 

 

4.2. Microscopic Image Investigation  

 

Microscopic images were used to evaluate surface properties of micro-pump due to 

the possibility of testing with biological fluids in the future studies. As described in 

Chapter 3, the nozzle/diffuser elements, the chamber and the fluid reservoir were 

fabricated in clean room by the rapid prototyping device (Objet260 Connex3) with 16-

micron layer resolution. Therefore, we examined a piece of the PMMA material in the 

field-emission scanning electron microscope (FSEM). Moreover, profilometer was 

used to visualize surface porosity and roughness characteristics of PMMA surface. In 

most cases, porosity and roughness are undesirable while, depending on the type of 

application, pore structures on the flow surface are preferred.   

 

 

Figure 4.2. FSEM and Profilometer image of PMMA for porosity and roughness measurements 
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Figure 4.3. A (SEM) images of PMMA (a) Nozzle/ diffuser inlet (b) Nozzle/ diffuser outlet 

 

As shown in Figure 4.2., undesired porosity was in the nanometer size, flow surface 

was completely assumed as smooth surface. In addition, the mean roughness was 

measured as 383.4 Å. Thereby, the undesired particles and the amount of the roughness 

of the PMMA surface have no effect on the fluid behavior of the chamber or the fluid 

in the nozzle/diffuser elements. Another important issue was to determine the inlet and 

outlet diameters of the nozzle/diffuser elements in terms of the reliability of the 

calibration. Hydraulic diameters were designed as 0.2 mm and 2 mm, and SEM was 

used to determine the exact sizes after fabrication. Figure 4.3. shows the image of the 

Scanning Electron Microscope (SEM) of (a) water inlet and (b) outlet sections to these 

nozzle/diffuser elements. The water in the chamber is entered to the nozzle/ diffuser 

with a hydraulic diameter of 257.07 μm. Moreover, the diameter of nozzle/ diffuser 

element was 2061.91 μm at the moment of full water discharge. This causes at the 

discharge moment, the pressure to increase and the velocity to decrease.   

 

4.3. Displacement Result of Circular Multi-Layer Piezoelectric Actuator 

 

By FEM (Figure 4.4.a) and experimental studies (Figure 4.4.b), the accuracy of the 

analytical solutions (Figure 4.4.c) expressing the static displacement of the multi-layer 

micro-pump actuator was studied. In the analytical studies, the variation of 

displacement of the midpoint and all points on the midline under the influence of 

different voltage load (from 0 V to 45 V) and fluid pressure (from 0 Pa to 400 Pa) was 

investigated. Because, the diaphragm was exposed to these voltage and pressure values 

under real operating conditions. In all calculations, it was assumed the voltage load 
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and flow rate to be laminar in the micro-pump chamber and the fluid pressure to remain 

constant. The frequency was 0 Hz because of the static analysis. Whereas, in the FEM 

and experimental studies, frequencies were between 5 Hz and 20 Hz by 5 Hz steps. 

Static (DC) voltage load cannot be applied to piezo-elements. Because, the 

piezoelectric vertical vibration or displacement mode depends on the applied AC 

voltage which creates dynamic behavior. In order to compare the analytical solutions 

with the FEM and experimental results, we have considered the 5 Hz input voltage 

load. Because the 5Hz actuator frequency was relatively small, it was closer to the 

static displacement result. Figure 4.4.a shows the simulation results of diaphragm 

displacements at the moment of water discharge from the chamber. It shows that the 

increase in voltage increased displacement. Additionally, increasing the frequency 

reduced displacement in the range of 5-20 Hz. The displacement results have 99% 

liner behavior. The maximum displacement was obtained 4.097 μm in 45 V and 5 Hz.  

 

Figure 4.4.b shows the experimental results of diaphragm displacements at the 

discharge operation. It shows that the displacement trends were similar with FEM 

results at all voltage and frequencies. The displacement results have 98% liner 

behavior. The maximum displacement was achieved 5.23 μm in 45 V and 5 Hz. Since 

diaphragm displacement was at micro-meter levels, measurement results were highly 

affected by environmental factors. The small differences might be because of the 

measurement errors, fluid movement noises in the micro-pump, mechanical vibrations 

from the experimental setup that cannot be controlled.  

 

Analytical solutions were obtained considering static load to the multi-layer 

piezoelectric actuator (Figure 4.4.c).  Fluid pressure and input frequency was assumed 

to be zero. Displacement behaviour was found to be 100% linear (R2 = 1). External 

noises were neglected. Similarly, displacement values were increased as a function of 

voltage. 
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Figure 4.4. The mid-point displacement of the silicon diaphragm at 5 V-45 V for 0 Pa, (a) FEM, (b) experiment, 

(c) analytical, and (d) comparison of the displacement results   

 

Hereby, the displacement of the midpoint of the silicon diaphragm was obtained by 

analytical, FEM and experimental methods as seen in Figure 4.4.d. It shows that the 

analytical, FEA and experimental results are very close and have similar trends. Due 

to the environmental conditions and the presence of environmental disturbances, slight 

differences have occurred in the experimental results related to FEM and analytical 

results.   

 

While there was no fluid pressure, the displacement of the midline of the silicon layer 

at different voltages (0-45 V) was given in Figure 4.5.a. When the input voltage was 

zero, the displacement of the mid-line of the silicon layer under pressure loads of 0-

400 Pa was given in Figure 4.5.b. As expected, the silicon layer remains completely 

horizontal in a completely unloaded state (0 Pa and 0 V). The displacement increases 

with increasing the voltage and pressure. The maximum displacement occurred at 45 

V and it was 5.3146 µm at the mid-point of silicon diaphragm. The displacement of 

(a) (b) 

(c) (d) 
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the midline of the silicon layer at 5-45 V and the diaphragm exposed to 200 Pa constant 

fluid pressure load, was given in Figure 4.5.c. While the displacement up to 10 V 

electrical load is in positive direction, the displacement of the midline of the silicon 

for electric loads higher than 10 V increases in a negative direction. Note that the 

displacement of the exterior annulus portion of the diaphragm was less than that of the 

middle annulus and interior core portion.   

 

The displacement of the midline of the silicon layer under fluid pressure of 0-400 Pa 

and 20 V constant voltage load was given in Figure 4.5.d. The interior displacement 

decreases as fluid pressure increases, and the middle core and exterior annulus 

displacement increase positively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. The displacements of the midline of the silicon layer at (a) 0-45 V for 0 Pa, (b) 0-400 Pa for 0 V, (c) 0-

45 V for 200 Pa, and (d) 0-400 Pa for 20 V 

 

 

(a) (b) 

(c) (d) 
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The displacement of the mid-point of the silicon layer for different voltage and 

pressure loads were presented in Figure 4.6. As shown in both figures, the 

displacement of the midpoint changes linearly in all load conditions with increasing 

voltage or pressure. At a certain point, when the voltage and pressure loads are equal 

or very close to each other, the silicone layer remains fully horizontal and the midpoint 

displacement is zero. The minimum flow flow is obtained when the PZT voltage load 

and fluid pressure loads acting on the silicone layer are equal or close to each other. 

As the pressure load increases under constant voltage loads, firstly, the center-point 

displacement decreases up to reference plane. As the pressure continues to increase 

when the midpoint is in the horizontal position, the midpoint displacement starts to 

increase upwards in the positive direction. The PZT actuator cannot overcome the fluid 

pressure, so no pumping operation is performed. (see figure 4.6.a). As the voltage 

increases under constant pressure loads, firstly, the center-point displacement 

decreases up to reference plane and therefore the scuction mode is reduced. As the 

voltage continues to increase while the midpoint is in the horizontal position, the 

displacement of the midpoint starts to increase. As the ratio of the voltage load of the 

PZT actuator to the fluid pressure increases, the pumping operation begins to improve 

(see figure 4.6.b). The net flow rate values of the proposed micro-pumps were shown 

in Section 4.4. These results show that the most suitable values of the pressure and 

voltage loads should be selected for obtained maximum flow rate.  

 

 

 

 

 

 

 

Figure 4.6. Mid-point displacements of the silicon diaphragm as a function of (a) pressure and (b) voltage 

 

 

(a) (b) 
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4.4. Experimental Results of the Flow Rates  

 

At the mentioned voltages and frequencies, we measured the net flow rate of the micro-

pumps. Figure 4.7 shows the results of flow rates of SDM and BDM micro-pumps. 

Voltage increment increased the flow rate. The frequency increase led to a decrease in 

displacement. However, due to the increase in the number of vibrations, the flow rate 

in both micro-pumps increased. The maximum flow rates obtained for SDM and BDM 

in 45 V and 20 Hz were 32.58 ml/min and 35.4 ml/min respectively.  

 

 

 

 

 

 

 

 

 

 

Figure 4.7. The maximum flow rate results at (a) 5 Hz, (b) 10 Hz, (c) 15 Hz and (d) 20 Hz 

 

BDM consisted of a chamber sandwiched between two diaphragms actuated by two 

piezoelectric actuators at the same time to achieve high flow rate. Because, double 

actuator creates higher force to the fluid in the chamber compared to SDM having only 

single actuator. Thereby, the flow rate values were higher for BDM. Flow rates were 

increasing as a function of voltage according to our experimental results. The voltage 

determines the amplitude of the diaphragm vibration. Reverse piezoelectric effect 

causes the displacement changes as a function of applied voltage. There was linear 

correlation in Figure 4.7, linear behavior of each pump at different driving frequencies 

were given according to experimental measurement. At all frequencies, the slope of 

(a) (b) 

(c) (d) 
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the BDM was higher. So, with increasing voltage, the flow rates increase was higher 

compared to SDM.  

 

The difference of flow rates (ΔQ: BDM-SDM) were calculated. For 5 Hz and 10 Hz, 

ΔQ is getting bigger with the voltage. It is an expected result because of the steeper 

slope of BDM equations at lower frequencies. When we increase the frequencies to 15 

Hz and 20 Hz, the difference between slopes and also flow rates gets smaller. We 

plotted ΔQ as a function of voltage in Figure 4.8. The statistical analysis of flow rates 

showed that there was no significant flow rate difference between SDM and BDM 

when the voltage was increased (t-test, p > 0.05).   

 

 

Figure 4.8. Flow rate difference (ΔQ: BDM-SDM) 

 

4.5. Discussion  

 

In this study, the performance of two novel micro-pumps was studied in the same 

experimental conditions. The only difference in the SDM and BDM was the number 

of vibrating diaphragms. Based on the results obtained in Section 4.4, the BDM flow 

rate compared to SDM at 5 Hz, 10 Hz, 15 Hz and 20 Hz were increased to 22%, 

16.39%, 15.97% and 15.19% respectively. The water weight inside the chamber 

prevented moving the bottom diaphragm of the BDM. If the water weight force was 

not in the opposite direction of the bottom diaphragm force, we would expect a 

significant increase in the flow rate of the BDM design. As an important advantage, in 
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the daily usage BDM design gives an opportunity to use both side facing upwards 

without losing the flow rate when the reservoir is closed to the atmosphere and 

adjustable according to the nozzle elements.  

 

4.5.1. Comparison with the state of the art 

 

The flow rate of single chamber micro-pumps is limited due to the periodic 

displacement of the diaphragm. When the studies in Table 4.1 were investigated, it 

was seen that Afrasiab et al. (2011) and He et al. (2016) focused on increasing the 

limited flow rate of single chamber micro-pumps. Afrasiab et al. investigated the 

effects of a silicon diaphragm wave motion on the net flow rate by the finite element 

method. The upper ceiling wall of the chamber was covered with silicon diaphragm. 

Nine piezoelectric actuators were attached on the silicon diaphragm. The sinusoidal 

voltage was applied with 2π/3 phase shift to piezoelectric actuators. Therefore, a 

peristaltic motion was applied to the fluid inside the chamber [174]. However, 

alternating pressures are the main factor of fluid motion. In their design, upper 

diaphragm was unable to apply pressure to the fluid in the bottom of the chamber. He 

et al. are focused on multi-chamber micro-pump. Consequently, their design created 

high flow rate compared to single chamber designs as expected [175]. However, in 

their multi-chamber design, there was a turbulence, which is not preferred in micro-

pump designs. Kolahdouz et al. (2014) investigated the effects of different driving 

voltage shapes and frequencies on the diaphragm displacement and flow rate [176]. In 

their study, they used a glass diaphragm, which has the thickness of 300 μm. However, 

the thickness of piezoelectric actuator was 200 μm. Because of the stiffness of the glass 

material, relatively thin layer of piezoelectric actuator could not produce higher 

displacement values (~0.6 μm at 80 V). In our study, the displacement values of the 

diaphragm were almost 6 times higher (~3.6 in BDM) even though our driving voltage 

was 45 V. These results show the importance of the diaphragm and piezoelectric 

actuator thickness selection in the micro-pump designs.  

 

The flow rate is a key parameter and can be controlled by the displacement of the 

diaphragm, whereas our proposed configuration (BDM) consist of a chamber 
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sandwiched between two diaphragms. Hereby, we have been able to apply an 

alternative pressure to the fluid below the chamber. Thus, we improved the net flow 

rate with a simple geometric correction by a different micro-pump design.  

 

Sateesh et al. (2018) investigated the micro-channels diameter effects on flow velocity 

[177]. In the study, polydimethylsiloxane (PDMS) membrane with thickness of 20 μm 

was placed on top of the piezoelectric actuator. Furthermore, 20 μm thick ground 

electrode and active electrode were placed under the piezoelectric actuator. Thereby, 

the piezoelectric actuator was compressed between two layers. As a result, this 

compression increases the resistance to piezoelectric vibration. The low vibration 

amplitude of the piezoelectric actuator may have caused the pressure at this micro-

pump to be low. However, when SDM is compared with this micro-pump, the 

thickness of the silicon diaphragm (100 μm) in the SDM was about half of the 

thickness of the piezoelectric actuator (200 μm). Therefore, we achieved a high 

diaphragm displacement. Additionally, Sateesh et al. (2018) simulated micro-pump 

was very small in size. It might be very difficult and costly to fabricate, because it 

requires higher spatial resolution fabrication techniques, while the two micro-pumps 

in this study were fabricated proportionally to the fabrication technology and 

commercially available materials. In the light of these findings, we may conclude that 

a BDM with two piezoelectric actuators might be a good candidate to be used in 

biomedical applications after further analyses and advanced fabrication technologies. 
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Table 4.1. Comparison with the state of the art 

Ref. Design Parameters Figure Explanation 

[174]  

Valveless, nine 

piezoelectric 

actuators, single 

chamber, silicone 
membrane. 

 

Upper diaphragm was 

unable to apply 

pressure to the fluid in 

the bottom of the 
chamber. 

[175]  

Valveless, three 

piezoelectric 

actuators, three 

chambers, silicone 

membrane. 

 

There was unwanted 

turbulence creating 

backpressure at output 

connection node. 

[176]  

Valveless, single 

piezoelectric actuator, 

single chamber, glass 
membrane. 

 

Low displacement 

values. 

[177]  

Valveless, single 

piezoelectric actuator, 

single chamber, 
PDMS membrane. 

 

Very small channel 

size, very low flow rate. 

Our work 

Valveless, 

piezoelectric 

actuators, single 

chamber, silicone 

membrane.  

 

High flow rate at low 
voltage and frequency. 

BDM has improved 

flow rate by double 

diaphragm on a single 

chamber, easy to 

produce by rapid 
prototyping due to size. 

 

The presented micro-pumps in this study were designed as potential candidate for 

biomedical applications which require relatively low level of driving voltages and 

frequencies. Insulin delivery or other fluidic drugs dispersion into the human body 

might be possible by these micro-pump designs. Table 4.2 shows the similar studies 

about the piezoelectric micro-pumps and their flow rates during the last 10 years. 

These studies include the micro-pumps with larger piezoelectric actuator and larger 

chambers. In addition, unlike our designs, they used higher voltages and frequencies. 

Thereby, some of the studies created higher flow rates.  
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Table 4.2. Summaries of experimental studies and findings in open literature  

Ref. Valves type 
Piezoelectrics 

and size (mm) 

Chambers and 

size (mm) 

Diaphragm 

material 
Voltage (V) Freq. (Hz) Q (ml/min) 

[160]  Check-valve 
1 

Φ35 mm 

1 

n/r 
n/r 150 30 26.55 

[161]  Check-valve 
2 

Φ35 mm 

1 

n/r 
Unused 200 15 45.98 

[162]  Check-valve 
1 

30×15×0.4 

1 

Φ 10mm 
Rubber 400 490 105 

[163]  Check-valve 
1 

Φ35 mm 

1 

Φ34 mm 
Unused ±70 25 196 

[164]  Check-valve 
1 

22×40×0.7 

1 

Φ 10mm 
Silicon 80 20 6.21 

[165]  Check-valve 
1 

110×20×0.8 

1 

20×20×13.7 
Silicon 400 445.5 163.7 

[166]  Valveless 
2 

Φ 20mm 

1 

40×40×10 
PT ±70 70 9.1 

[167]  Check-valve 
1 

n/r 

1 

25×25×4.8 
Resin 250 60 10 

[168]  Check-valve 
26 

10×10×0.7 

1 

Φ 24mm 
Kapton 400 750 187.2 

SDM Valveless 
1 

Φ 14mm 

1 

Φ 25mm 
Silicon 45 20 32.85 

BDM Valveless 
2 

Φ 14mm 

1 

Φ 25mm 
Silicon 45 20 35.4 

 

When the studies in Table 4.2 were investigated, it was seen that Zhang et al. (2013a 

and 2013b) [160, 161], Pan et al. (2015) [165], Okura et al. (2017) [167] and Ye et al. 

(2018) [168] used very high AC voltages between 150 V and 400 V. These driving 

AC voltage levels can be considered very high and risky when the micro-pumps were 

considered to be used near the body surface for biomedical related applications. In 

addition, all the studies mentioned above used a check-valve in their designs. In the 

study by Ma et al. (2015a) [163], they used 70 V AC voltage at 25 Hz and they 

measured 196 ml/min net flow rate. In their study, the diameter of piezoelectric 

actuator was 2.5 time larger than we used in SDM and BDM micro-pump. Thereby, 

the maximum flow rate was almost 2.5 times higher according to our results. In fact, 

they did not show the calibration flow rate calculation and subtraction from the net 

flow rate values when the driving voltage was zero (at static condition). In addition, 

Ma et al. (2015b and 2016) [164, 166] used relatively low driving voltages (70-80 V) 

and frequency (20 Hz). But in these studies, they measured low net flow rates, i.e. 6.21 

ml/min and 9.1 ml/min respectively.  The most similar study to this presented study 

was done by Ma et. al (2016) [166] with a valveless geometry. Even though they used 

similar size piezoelectric actuator, their chamber height was 2.5 times bigger than our 

SDM and BDM micro-pump chambers. Thereby, they measured 2.5 times lower flow 

rates as compatible with the literature because of the chamber height effect [178, 179].  
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When these studies are considered in general, we see that we have obtained a high 

flow rate at lower voltage and frequency values by using an integrated reservoir with 

SDM and BDM designs. 

 

4.5.2. Biomedical considerations of micro-pumps  

 

Micro-pumps are one of the most important MEMS devices that can play an important 

role in drug delivering. The micro-pumps that are designed for the purpose of drug 

delivery should meet the requirements and basic terms, including drug 

biocompatibility, actuation safety, desired and controllable flow rate, small chip size 

and low power consumption. Biocompatibility is a very important key parameter that 

is necessarily considered for drug delivery micro-pumps [180, 181]. On the other hand, 

the micro-pumps used for the purpose of drug delivery in the human body should be 

selected so that they had biocompatibility and biostability [182]. Moreover, the 

implanted micro-pump based drug delivery system should have sufficient resistance 

to the physiological environment and the adverse impact of surrounding tissues [183].  

 

Silicon is a good biocompatible material. It is one of the materials which has been 

much preferred in recent years’ biomedical studies [184]. However, the process of 

using polymers in medical fields is widespread and suitable for human implantation. 

Additionally, polymer materials such as PMMA, PDMS, and SU-8 photo resist have 

better biocompatibility and are more preferred in micro-pump based drug delivery 

[185]. It might be concluded that micro-pump designs in this study were compatible 

with medical considerations. 

 



 
 

 
 

 

 

 

 

CHAPTER 5. CONCLUSIONS AND FUTURE RESEARCH 

 

 

The flow rate is limited in the single diaphragm micro-pumps. Thus, studies on multi-

diaphragm micro-pumps are necessary. In multi-diaphragm micro-pumps, it is 

possible to achieve characteristics such as high flow rate, high pressure and good 

stability. The purpose of this study was to investigate the effect of electro-mechanical 

factors on flow rate. SDM and BDM were two novel designs that proposed in this 

study. The static displacements of multi-layer piezoelectric actuators of these micro-

pumps were investigated. In addition, an analytical static displacement model of a 

multi-layer actuator with silicon layer at its bottom was developed. By using multi-

layer laminated plate theory, fourth order partial differential equations derived from 

moment equilibrium equations were solved. Transverse and lateral displacements were 

obtained as a function of voltage and fluid pressure. Analytical displacement model 

was confirmed by experimental and finite element analyses. Analytical displacement 

model can be used for optimization and improvement of micro-pump performance and 

in designing diaphragm type in the multi-layer piezoelectric actuators of micro-pumps.   

 

The effect of voltage and frequency was clearly shown on the flow rates. The 

embedded reservoir combined with the chambers were presented promising results. 

Materials were biocompatible which considered as a crucial factor for biomedical 

applications. The flow rates were comparable with the state-of-the-art literature. The 

SDM flow rate was increased by 37.73% at 10 Hz, 47% at 15 Hz and 52.06% at 20 Hz 

compared to 5 Hz reference excitation frequency. Moreover, as for BDM flow rates, 

the increment rates were 33.70%, 42.90% and 47.93% for the same frequencies. Both 

SDM and BDM flow rates were linearly increased as a function of voltages at all 

frequencies. Eventually, experimental results showed that novel BDM design will be 

a good candidate especially for biomedical applications, such as drug delivery, blood 

transport and body fluid vacuum after more investigations.  
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In this study, water was used as fluid. In fact, eye drops, drugs and blood have different 

components from water, which changes mechanical properties of the fluid. Even 

though there are many studies using water as fluid in the literature, the mechanical 

differences may significantly change the behaviour of the micro-pumps. This 

constitutes a limitation of our current study. After having the parameters about the eye 

drop, similar analyses will be applied in future studies. Throughout the study, effects 

of geometrical factors on flow rates were indicated. After miniaturizing, it will have 

significant contribution in clinical applications such as fluid transfer through a 

catheter, laparoscopic needles within the body. 
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