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Abstract 

 In recent decades, biomedical pumps, the 'heart' of a hydraulic clinical device, continue to 

attract an increasing amount of attention as the demand for 'high-quality' medical treatment grows. In 

general, every drug or hormone has its own desired range of concentration which is controlled by the 

human body. When required to be within a precise concentration range, such as the glycaemic range, 

conventional drug dispensing methods are unable to deliver the necessary dose in a near-natural 

manner without fluctuation, therefore a controllable pumping device is necessary.    

 The main motivation for this research was to develop a prototype for biomedical pumps which 

features accuracy, compactness, and efficiency.  

 Among the many factors in pump design, the actuator and the flow rectifying element are the 

two most important issues to be considered. A biocompatible and scalable IPMC (ionic polymer-

metal composite) was chosen for the actuator and a gradually expanding/contracting diffuser/nozzle 

was selected as the static flow directing element, (where no mechanical valve exists), due to its 

advantages in the minimizing dimension. However, from the review of previous studies, it is found 

that there are clear discrepancies and missing information, not only in the diffuser/nozzle pair but 

also in IPMC control and the means for compact sensing. Therefore, this study aims to investigate 

these issues, bridge the gaps and finally develop a prototype for the IPMC driven diffuser/nozzle 

valveless pump.  

 In the first part of this research, a numerical simulation of various diffuser/nozzle dimensions 

in terms of half angle, area ratio, was studied to find the most efficient structure which was then 

testified by a macro scale pump experiment with interchangeable diffuser/nozzle layers. The half 

angle was shown to have a significant effect on diffuser efficiency and the optimum half angle, where 

the highest flow rectifying capability was exhibited; this was found to decrease with Reynolds number. 

In addition to the investigation of the classical diffuser/nozzle element, an improved diffuser/nozzle 

structure with re-entrance at the nozzle end was also proposed for efficiency enhancement. The re-

entrance structure brings about extra pressure loss in nozzle direction and thus increases the pressure 

loss difference between two directions and the flow directing capability of the whole pump.  The 

dimensionless flow characteristics of diffuser/nozzle element, the conclusions and novel structure 

proposed here can be employed as a guideline for valveless pump design and further applied in a 

broader dimension range.   
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 Considering the desire for compactness of biomedical pumps, a practical integrated 

displacement sensor needs to be developed as a substitute for sensors that are currently popular, such 

as the laser and strain gauge, but which are either bulky or force constraint, to serve as the feedback 

in the closed loop controller.  A PCB (print circuit board) coil sensor was selected due to its 

contactless and compact sensing mechanism and exhibited a performance that was comparative to 

that of the laser sensor in measuring the deflection of IPMC actuator driven by a chirp signal.  

 Finally, the valveless pump prototype was built using 3D printing and a double chamber 

parallel configuration; this is able to enhance the pumping performance and compensate for the 

nonlinearity of coil sensor. The IPMC actuator was precisely manipulated by a repetitive controller 

which exhibited a better performance than another adaptive controller, PID with IFT (iterative 

feedback tuning), in terms of error, control effort and computational resource. This pump is, to the 

authorsô knowledge, the first IPMC driven double-chamber valveless pump developed to date and 

has validated that the entire pump has a maximum pumping rate of 766µL/min which is sufficient for 

most biomedical applications.  

 By successfully developing the valveless pump prototype with scalable components in this 

research the feasibility of integrating such valveless pumps into further biomedical applications has 

been proven.  
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Chapter 1. Introduction  

1.1. The Need for Continuous Drug Dispensing Methods 

 The field of biomedical instrumentation has always been absolutely essential for clinical 

applications, and in the past two decades research into this area has been growing at a much faster 

rate than ever before. This acceleration has mainly been due to the increasing demand for óhigh-

qualityô medical care, and has been potentiated by the advent of new technologies. óHigh-qualityô 

means, among other things, prevention rather than just care; accuracy and repeatability of intervention; 

and the lowest possible intrusion into the patientôs body [1].  

 Micromechatronics or microelectromechanical systems (MEMS) have the potential to provide 

technical solutions and address most of the previously mentioned objectives. In fact, MEMS allow 

for device miniaturization and, at the same time, for better performance, lower cost and higher 

reliability. On the other hand, material compatibility, electrical hazard, energy efficiency, and device 

stability are among the very demanding obstacles that the biological environment poses and that must 

be solved before MEMS can be systematically applied to this field [1].  

 In general, drug efficiency can be affected considerably by the ranges of concentration, above 

which a drug may be toxic, and below which there is no therapeutic benefit [2]. Continuous drug 

delivery, such as provided by insulin pumps, is one of the most promising categories in biomedical 

MEMS applications. Since a tremendous amount of data suggests that near-natural glycemic level 

can prevent or delay the complications of diabetes, there has been a dramatic increase in continuous 

subcutaneous insulin infusion or insulin pump use [3]. The natural glycemic level requirement for a 

healthy person can be simulated by the controlled infusion rate of an insulin pump, as indicated by 

the black line plotted in Figure 1.1, while in other infusion methods such as subcutaneous injection, 

there is a sudden leap in infusion rate at the start, followed by a gradual decrease which is below the 

normal requirement (red line). This kind of leaping phenomenon is commonly seen in conventional 

drug delivery methods such as oral meditation, inhaler or injection and may largely affect the 

therapeutic results. With the controlled drug dispensing devices, an accurate and appropriate amount 
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of drug can be released to desired target of the human body and therefore increase therapeutic 

effectiveness and reduce side effects. 

 

 

Figure 1.1.  A typical profile of basal insulin infusion rates used in continuous subcutaneous insulin 

infusion (CSII, black) and equivalent rate after single injection (red). 

 

1.2. Benefit of Using Compact Pumps for Drug Dispensing 

 Micropumps serve as the heart in fluid transport systems such as drug dispensing or chemical 

analysis. Innovations on drug dispensing focus on new techniques for precise quantity dosing at the 

correct time and as close to the treatment site as possible. Both transdermal and implanted drug 

dispensing devices have been investigated using microfabrication technologies. 

 Transdermal drug dosing is proving to be an alternative for oral medication or injections 

which cannot be effectively delivered as shown in Figure 1.2. It can overcome the limitations relating 

to gastrointestinal drug degradation and the inconvenience and pain relating to intramuscular and 

intravenous injections. Thus far, only transdermal delivery systems driven by passive diffusion have 

been approved for clinical use in the U.S.A. Such methods are beneficial only for lipophilic molecules 

in small doses; therefore, more intelligent and flexible devices need to be developed. 
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Figure 1.2.  Micromachined needles for transdermal drug release. [4] 

 

 Implantable devices are suitable for therapies requiring multi-injection daily or weekly. Aside 

from largely reducing the number of injections, drug dispensing systems can actively control the 

dosing speed in physical activity if the drug level can be on-line monitored or implanted at the place 

where the drug is required, in the case of chemotherapy for example. In the Diabetes Control and 

Complications Trial (DCCT), a dramatic reduction was demonstrated in the frequency and severity 

of complications of diabetes mellitus type I in adolescents and young adults by achieving and 

maintaining glucose control in the near-normal range [3]. 

 

 

(a)      (b) 

Figure 1.3.   Continuous Glucose Monitoring and Injection Device in the 1990s (a) [3] and in the 

2010s (b) from Insulet [5] 
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1.3. Techniques for Biomedical Pumps 

 The actuator and flow rectifying elements are the two key components in a pump. In general, 

the actuator provides the energy required for fluid flow and the flow rectifying elements serve as the 

óvalveô for generating pressure difference. Take the human heart for example, the heart consists of 

two separate ópumpsô, namely the left and right side of the heart. From Figure 1.4, both sides contain 

a ventricle, where the muscular wall serves as the actuator that ejects blood while contracting, an 

atrium, which acts like a blood reservoir, and two valves (white parts) that close out of phase to 

prevent back flow.  

 

 

Figure 1.4.  Structure of the human heart 

 

 From an engineering perspective, numerous researches have reported on pump design with 

different actuator and valve types. However, when it comes to compact and biomedical applications, 

some of the candidates may not be suitable for incorporation. For the purposes of this study, we first, 

reviewed the most up-to-date reports on biomedical pumps in terms of actuator and flow rectifying 

elements in order to select the most suitable candidates for this application. 
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1.3.1.  Actuator  Types 

In micro-scale pump applications, the most commonly seen actuator schemes include; 

electrostatic, piezoelectric (lead zirconate titanate, PZT), thermopneumatic, shape memory alloy 

(SMA), bimetallic, electromagnetic, ionic polymer-metal composite (IPMC). Among all these 

actuators, polymer actuators, such as IPMC the working mechanism of which will be discussed later 

in the next chapter, can be driven in aqueous environment with a large deflection stroke and a low 

input voltage. In addition, its considerable efficiency, high energy density and other ideal properties 

such as biocompatibility and repeatability make it a proven candidate in the drug dispensing system 

as shown in Table 1.1. 

 

Table 1.1.  Comparison of the micro-actuation mechanisms of typical micropumps: 

summarized and redrawn from [6]. 

Actuator  
Energy density 

(J/m3) 
Efficiency Frequency (Hz) Voltage (V) Power (mW) 

SMA 2.57×107 0.01 <100 2-5 180-630 

Conductive 

polymer 
3.4×106 0.6 <1,000 1.5 180 

Electrostatic 1.8×105 0.5 <10,000 50-200 N/A 

Electro- 

magnetic 
4.0×105 <0.01 <1,000 3-14 13-7,000 

Piezoelectric 1.2×105 0.3 <5,000 20-1,200 3-400 

Bimetallic 4.0×105 10-4 <100 16 N/A 

Thermo- 

pneumatic 
5.0×105 0.1 <100 6-20 ~2,500 

  

The IPMC is a novel type of smart material transducer, which means that it can work as an 

actuator under an electrical field and as a sensor generating electrical potential when mechanically 

deformed [7]. Typically an IPMC is fabricated in strips and operates in a cantilever configuration 

where the voltage is either added or measured at the electrodes as a set of clamps, see Figure 1.5. A 

typical driving voltage for an IPMC is less than 5V while the sensing voltage is usually 1-2 orders of 

magnitude lower [8].  

An IPMC is fabricated on a perfluorinated ionic membrane, which is sandwiched between 

two thinly coated conducting electrodes made from a noble metal, such as Pt or Au. The polymer 
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must be an ion-exchange membrane that is permeable to cations but not anions, i.e. consisting of a 

fixed network of anions with mobile cations.  

 

Figure 1.5.  Schematic drawing of an IPMC transducer in a cantilever configuration 

 

1.3.2. Flow Rectifying Elements 

 An active or passive check valve is the most commonly seen as a flow rectifying element in 

macro-scale pumps to provide biased pressure loss. However, as the scale comes into the micro range, 

the check valve suffers from several problems such as, assembly difficulty and structure fatigue [9], 

and thus pumps with no check valve, such as the diffuser/nozzle flow rectifying element shown in 

Figure 1.6, become proven alternatives. Although many other novel pumping strategies such as 

pumps based on growing and collapsing bubbles [10], electrohydrodynamics (EHD) [11], 

electroosmosis [12] and flexural plate waves (FPW) [13] have also been reported, most of them are 

unable to generate high flow rates (of the order of several hundred µL/min to a few mL/min) which 

are easily achievable using mechanical diffuser/nozzle micropumps. In addition to the advantage of 

high flow rate, the diffuser/nozzle valveless pump also exhibits a dimensionless flow directing 

performance such that is totally scalable [14-16] and not selective of fluid type.  
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Table 1.2.  Characteristics of reported displacement micropumps, summarized from [17] 

Actuation 

mechanism 
Reference 

Size 

(mm3) 
Valve type Voltage(V) 

Flow rate 

(µL/min)  

Piezoelectric 

Stemme and 

Stemme [18] 
2500 Diffuser/nozzle 20 4400 

Schabmueller et 

al. [19] 
122.4 Diffuser/nozzle 190 1500 

Electrostatic 
Zengerle et 

al.[20] 
98 active 170 70 

Thermopneumatic 

Jeong and Yang 

[21, 22] 
n/r Diffuser/nozzle 8 14 

Hwang et al. 

[22] 
105.3 

Capillary stop 

valve 
55 0.078 

SMA 

Guo et al. [23] 15000 Diffuser/nozzle 6 700 

Benard et 

al.[24] 
n/r Passive valves 6 49 

Electromagnetic 

Yamahata et al. 

[25] 
n/r Diffuser/nozzle n/r 400 

Pan et al. [26] 600 
Ball check 

valve 
n/r 1000 

Phase change Sim et al. [27] 72.25 Passive valve 10 6.1 

n/r: not reported 
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Figure 1.6.  Schematic of (a) conical, (b) pyramidal, and (c) planar diffuser/nozzle elements 

 

 Although a number of different valveless micropumps employing diffuser/nozzle elements 

have been discussed in the literature, including the aforementioned actuators, such as; piezoelectric 

[18], electromagnetic (EM) [14], and bubble micropumps [28], two of the major queries concerning 

the pump are its insignificant level of efficiency and lack of agreement on the dimensions of the 

diffuser/nozzle elements. This study will present a review of recently reported diffuser/nozzle reports 

and focus on addressing the discrepancies between them.  

1.4. Research Motivation  

 The overall motivation for this research is to develop a new biomedical pump which is 

scalable, accurate and bio-compatible.  

 

 The current pump technology in terms of efficiency, size, weight and scalability, is inadequate 

for the development of devices that are capable of operating together with humans to benefit their 

daily lives. New approaches must be taken to explore such devices with a novel actuator, superior 
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flow rectifying capability and accurate control strategy and hence facilitate their implementation into 

useful micro-scale biomedical pumps.  

1.5. Objectives and Scope 

 The overall aim of this research is to develop a prototype of bio-compatible material driven 

pump which is scalable and efficient. A number of fundamental objectives have been identified as 

necessary; these are shown below in the pursuit of achieving such an aim.  

1.5.1. Identifying an Efficient Structure for the Valveless Pump 

 Although a number of studies working on the valveless pump have been reported, as yet, there 

has been no agreement on the optimum dimension for the diffuser/nozzle element for flow 

rectification [15, 16, 29-35]. The diffuser/nozzle pair serves as the main flow rectifying element in a 

valveless pump and its efficiency has considerable impact on overall pump performance. In this 

research, numerical simulation on various diffuser/nozzle elements will first be investigated to find 

the optimum dimension. Secondly, experiments will be set up to verify the results drawn from 

numerical simulations in a whole pump test. According to the application scenario of biomedical 

pumps, the Reynolds number range investigated herein will be below 100 where no turbulent flow 

has been generated.  

 Apart from the investigation of a classical diffuser/nozzle element, a new structure will also 

be proposed to improve diffuser efficiency at a comparatively low cost and a simple manufacturing 

process.  

1.5.2.  Exploration of a Compact, Contactless Sensor for IPMC 

 In previous studies, the deflection of IPMC was reported to have been measured by a number 

of sensors, such as the laser gauge, image sensor, and strain gauge. Since the IPMC is a nonlinear and 

time-variant actuator, in order to manipulate its deflection accurately, such deflection sensors are 

necessary for every close loop controller. However, for a practical biomedical pump such as an insulin 

pump, none of the above-mentioned sensors are appropriate due to their inherent sensing principle. 

A contactless and compact displacement sensor needs to be developed. This study will undertake 

research on the inductive proximity sensor made with a PCB coil, which is industrial standard and 

easy to mass produce. Its characteristics will be examined in terms of resolution and linearity; 

practical improvements will also be discussed and implemented. 
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1.5.3. Design and Manufacture of a Valveless Pump Prototype with Adaptive 

Controller  

 The eventual goal of this research is to develop an IPMC driven valveless pump and test its 

performance with a suitable controller. According to the results of previous studies, adaptive 

controllers, such as PID with IFT and repetitive controller are, without doubt, superior to other types 

of controller and thus will be employed in this study. Both of these two adaptive controllers will be 

implemented and compared in order to determine a suitable controller for the final pump device based 

on the selection criteria for tracking accuracy, control effort, and computational resources. It is 

anticipated that the prototyped pump will have a pumping capability that meets most of the 

requirements of the biomedical applications; by achieving that goal, the feasibility of integrating the 

IPMC, inductive sensor and adaptive controller will be validated  

1.6. Thesis Synopsis 

 This thesis describes in detail the research work which has been carried out in order to 

successfully achieve the prescribed objectives. The fundamental scientific research and its 

corresponding contributions will be clearly explained throughout the remainder of the thesis. The 

thesis follows the same logical progression in which the actual research work was carried out; a brief 

synopsis follows. 

 A thorough review of the literature on the most significant and relevant techniques is 

presented in the next chapter. From the research output on diffuser/nozzle dimension, IPMC 

displacement sensor and the aforementioned adaptive controllers, clear discrepancies and missing 

knowledge are identified and hence further investigation is required in order to achieve the research 

objectives. 

 Chapter 3 discusses the investigation of the optimum diffuser/nozzle element dimension that 

is capable of improving the pumping capability of a valveless pump. Since there has been no identical 

agreement on this dimension to date, the research conclusion of this thesis serves as a design criterion 

for future valveless pump design. 

 Chapter 4 introduces a new diffuser/nozzle structure with re-entrance structure at the nozzle 

side. First the analytical analysis from fluidic mechanical theory was investigated and it is suggested 

that this structure can improve the efficiency of the diffuser by introducing more pressure loss on the 

nozzle side. Numerical and experimental tests were also carried out to validate its performance. 

 The inductive proximity sensor is discussed in Chapter 5, where its unique principle and the 

reasons why it is suitable for this scenario are explained in detail. The characterization results show 
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a comparable performance to that of the laser sensor, in terms of resolution; thus it is believed to be 

suitable for the feedback loop in the adaptive controller.     

 Chapter 6 comprehensively compares two adaptive controllers which were reported as being 

able to control IPMC deflection effectively. As a biomedical pump requires accuracy and 

compactness, a more efficient, energy saving controller needs to be selected. The repetitive controller 

was found to achieve less error, require less control effort and less computational resource and hence 

will be chosen as the close-loop controller for the valveless pump. 

 The finalized pump prototype is presented in Chapter 7. Not only are the functional 

progressions discussed, this chapter also explains why a two-chamber configuration was adopted 

instead of the, more commonly seen, single chamber. The results of the experiment demonstrate its 

superior performance that meets the requirements of most biomedical applications.  

 The research conclusion, the verification of its contribution, and the future work proposed, 

which may extend the study of the research including the use of an embedded circuit and a novel 

actuator with increased force output and longer durability, are presented in the final chapter of the 

thesis.  

1.7. Summary of the Introduction   

 This research presents the importance, benefits, and limitations of using a pump for 

continuous drug dispensing under a desired rate. Due to the differences in the principles and the 

capability of actuators, sensors and controllers, adaptability and compactness are important; this is an 

issue facing the current generation of biomedical pumps. By using an efficient actuator, flow-

rectifying elements, accurate sensors and controllers, it is possible to build a pump that is scalable 

and meets the normal requirements in biomedical applications. 

 Three main objectives of this research have been identified and summarized as follows: 

1. To determine the optimum diffuser/nozzle dimension and propose a new structure with 

improved performance.  

2. To investigate and characterize an inductive sensor which is both compact and accurate.  

3. To build a pump prototype with an adaptive controller that aims to improve both the 

robustness and duration of pumping. Any practical obstacles encountered are also discussed 

and addressed. 

 

Equation Chapter 2 Section 1 
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Chapter 2. Literature  Review 

 While various micropumps, including their benefits and drawbacks, are discussed in Chapter 

1, this chapter focuses only on the development of relevant IPMC driven diffuser/nozzle valveless 

pump technologies in terms of diffuser/nozzle dimension and structure, control strategies and 

compact deflection sensors. This review will not cover other relevant studies that are beyond the 

scope of this study; for example, the analytical investigation of the valveless pump [32, 36, 37], the 

manufacture of the IPMC [38-41], and the use of IPMC as sensors [42, 43].  

2.1. Diff user/Nozzle Valveless Pump 

 When the fluid flowing along gradually expanding channels, collectively known as ñthe 

ñdiffuserò, the fluid suffers less pressure loss than does fluid flowing from the opposite direction (ñthe 

nozzleò side). Based on this bias pressure loss phenomenon, the first diffuser/nozzle valveless pump 

was proposed by Stemme and Stemme in 1993 [18].  As shown in the schematic for working principle 

shown in Figure 2.1, there is more fluid (big arrow) coming into the chamber through the inlet 

(diffuser) during the source mode and more fluid out of the chamber through the outlet (diffuser) 

during the pump mode, which represents the half circle during which the diaphragm moves 

respectively upwards and downwards. As a consequence, after repeated oscillations of the diaphragm 

there will be a net flow from the inlet to the outlet. Among the many researches conducted on 

diffuser/nozzle valveless pumps, several hotspots are actuation mechanisms [21, 44-47], flow-

directing abilities [9, 14, 15, 48, 49] and new structures for a diffuser/nozzle pair [15, 50-52]. Since 

this study only uses IPMC as the actuator, as mentioned in Chapter 1, only its flow-directing ability 

and new structures will be included in the following research.  
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Figure 2.1.  Schematic of the valveless pump working principle 

 

2.1.1. The Investigation of the Diffuser/nozzle Dimension 

 Gerlach and Wurmus conducted an experimental analysis on the diffuser/nozzle pair 

fabricated using <1 0 0> silicon with anisotropic etching, the half angle (ɗ) of which was fixed at 

35.26° [44]. They concluded that the diffuser/nozzle pair could rectify the flow in the preferred 

direction only when the Reynolds number (Re) was higher than the critical value of 100.  

 Olsson et al. analyzed the pressure drop of diffuser elements with water and methanol and 

found out that pressure drop is composed of three parts: a pressure drop due to the sudden contraction 

at the inlet, a pressure drop due to the friction along the gradual expansion or contraction region, and 

a pressure drop due to the sudden expansion at the outlet [53]. It was also concluded that a turbulent 

flow in the diffuser element resulted in a better flow-directing performance than that of a laminar 

flow. The following computational fluid dynamics (CFD) study found that diffuser efficiency 

increased with a decreased cone angle and an increased diffuser length for conical diffusers (round 

cross-section) [54]. This conclusion was reached for both laminar and turbulent flow (300 < Re < 

1400). 

 Singhal et al. numerically investigated the pressure loss coefficient of individual diffusers 

without the inlet and outlet pressure loss from a Re of 200 to 30000 [9]. Different half angle conical 

and planar diffusers were numerically tested for both fully developed entrance flow and thin inlet 

boundary entrance flow. These incorporated the entrance and exit pressure loss coefficients, although 

found to be a less accurate prediction means, to calculate and compare the performances.  

 Sun and Yang used flow visualization methods to investigate the diffuser half angle influence 

on the flow characteristics of planar diffuser/nozzle elements and found that the maximum flow 

rectification occurs at ɗ = 30° for Re lower than 22 [55]. 



14 

 

 From these previously reported studies, it can be seen that there are clear discrepancies when 

considering the diffuser/nozzle dimension; these are summarized in Table 2.1. For example, Sun and 

Yang reported that the maximum diffuser efficiency occurred at ɗ = 30° and no flow reversion being 

observed for Re as low as 22. However, Gerlach experimentally found that the diffuser/nozzle with 

5° half angle had the best flow rectifying capability. Jiang et al. reported a reversing pumping 

direction for low and high Re. In addition, Artyushkina argued that, for low Re (1 < Re < 50) and 

conical angles (2.5Á < ɗ < 20Á), the product of the pressure loss coefficient and the Re of a 

diffuser/nozzle, defined as coefficient A, was constant, which meant ɖ did not change over this Re 

range. 

 

Table 2.1.  Diffuser/nozzle selection in previous researches 

Author [year]  
Half angle 

(°)  
AR Re 

If maximum 

efficiency 

Gerlach [1998] 5 
the longer the 

better 
100 yes 

Sun and Yang [2007] 30 
vary with half 

angle a 
< 22 yes 

Jiang, Zhou, Huang, 

Li, Yang and Liu 

[1998] 

5 
vary with half 

angle a 
< 50 yes 

Singhal, Garimella 

and Murthy [2004] 
5 1.5 200 yes 

Wang, Hsu, Kuo and 

Lee [2009] 
20 

vary with half 

angle a 
100 yes 

Lee and Kim [2006] 20 
vary with half 

angle a 
< 50 yes 

Cheng and Lin [2007] 5 3.5 n/r b n/r b 

Olsson, Stemme and 

Stemme [1996] 
0.95-3.4 1.8-5.4 < 110 n/r b 

               a the length of diffuser/nozzle is fixed 

              b not reported 
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 The urgency to fill this knowledge gap in the flow characteristics of a diffuser/nozzle element 

and therefore of a valveless micropump performance, especially at low Re, arises from need that calls 

for the miniaturization of pumps [56], the delivery of high viscosity fluids [3], and the utilization of 

low frequency actuation mechanisms [46]. This study therefore first tries to address this discrepancy 

and to find the optimum performance for valveless micropumps with the use of these results. 

2.1.2. Improved Diffuser/Nozzle Structure  

 New flow-rectification structures have also been proposed as the substitutes for 

diffuser/nozzles in valveless pumps. Li et al. used fins on the side walls of the diffuser to improve the 

rectification efficiency of a micropump [50]. Asymmetric obstacles have also been implemented by 

Lee et al. to gradually narrow the channel to mimic the diffuser thereby creating the flow-directing 

effect in micropumps [51]. Xu et al. implemented a saw-tooth diffuser/nozzle pair to increase friction 

and thus enhance pump performance [52]. Most recently, Chandrasekaran and Packirisamy reported 

on a geometrical tuning method for diffuser/nozzle design and claimed that it could enhance the pump 

performance by using either a concave or convex diffuser shape [15]. However, the effective tuning 

angle ranges reported were larger than 20° which is not practical as the optimum half angle of the 

diffuser is lower than 20° for most circumstances according to our previous research [16]. 

 

 

 

 

 

 

 

 

 

 

Table 2.2. Novel diffuser structures reported in literature 

Author  Half angle AR Shape 
Efficiency 

improvement 
Novel structure 
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Li et al. [57] 7° 7.15 Planar 11% 
Fins on 

sidewall 

Lee et al. [51] 3.5°, 7° a 8.09a Planar n/r 
Asymmetric 

obstacle 

Xu et al. [52] 7° 37 Planar 25%b 
Saw-tooth 

sidewalls 

Chandrasekaran 

&Packirisamy 

[15] 

2.5°, 7.5°, 

15°, 30°, 45°  
2.74 Planar 31%c 

Concave and 

convex sidewalls 

n/r, not reported 

a equivalent angle and area ratio 

b calculated on simulation flow rate 

c the largest improvement did not occur at the highest efficiency, at the largest efficiency no improvement was found 

 

 Clearly, some of these novel diffusers have little practical meaning, while others may be too 

complicated to be microfabricated. This study tries to find a novel but simple structure to improve 

diffuser efficiency and hence increase pump performance.  

2.2. IPMC as the Actuator 

 IPMC is a type of conductive polymer that is able to convert electrical energy into mechanical 

energy; it is composed of a flexible ion-conducting membrane sandwiched between two thin electrode 

layers made from gold, silver or platinum [8]. When a voltage is applied across the thickness of the 

membrane, the induced electrical field across the electrodes causes hydrated mobile cations as well 

as the affiliated water molecules to migrate towards the cathode electrode layer, and thus the 

accumulated water on the cathode side mechanically deforms the IPMC due to swelling and 

contraction along the opposite side of the polymer membrane. Therefore, IPMC is commonly 

configured as a cantilever actuator; this chemical reaction is illustrated in Figure 2.2. 
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Figure 2.2.  Electrochemical principle of IPMC [58] 

 

 Its unique working principle brings about many advantages over conventional actuators and 

other smart materials, such as: 

¶ Light weight, low voltage required (< 5V), and could be fabricated to any shape [8]. 

¶ Compliant and flexible so can produce large tip deflections compared with other smart 

materials [8]. 

¶ Extremely high energy density and efficiency compared to all other smart materials [6]. 

¶ Biocompatible and the electrode coating materials, such gold or platinum, are chemically 

stable, which make it possible for incorporation into human implant devices, e.g. a heart 

compression band, as shown in Figure 2.3 (a) [59]. 

¶ IPMC converts electrical energy directly into mechanical energy without the need for 

additional transmission or conversion. The actuation structure is simple, as only a pair of 

electrodes is required to actuate an IPMC; it was also used as a planetary dust-wiper, as shown 

in Figure 2.3 (b) [60].  

¶ The deflection direction can be changed merely by swapping the polarity of the applied 

voltage [8]. 

¶ IPMCs possess long durability as the material remains highly flexible, having a useful lifetime 

of more than 100,000 cycles [61]. 
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¶ IPMCs are able to work in an aqueous environment and it is thus a promising candidate for 

aquatic and underwater applications, such as biomimic fish fins [40]. 

 

 

(a) 

 

 (b) 

Figure 2.3.  IPMC applications as heart compressor (a) and dust-wiper (b) 

 

 Despite IPMC having many merits, such as; low actuating voltage, high energy efficiency, 

large tip deflection and bio-compatibility, it does also have a few drawbacks, such as; low output 

force potential, back relaxation, hysteresis, membrane dehydration and hydrolysis [60, 62, 63]. These 

inconsistent properties have to be addressed by suitable control as well as sensing schemes in 

instances where IPMC is utilized in high-accuracy or long-time operating devices.  

2.2.1. Time-variant  

 As mentioned previously, the mobile affiliated water molecules within the IPMC polymer 

membrane are fundamentally its actuating property and thus their quantity has considerable impact 
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