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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 

authors’ 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 ‘high-

quality’ medical care, and has been potentiated by the advent of new technologies. ‘High-quality’ 

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

and the lowest possible intrusion into the patient’s 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 



2 

 

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 

‘valve’ for generating pressure difference. Take the human heart for example, the heart consists of 

two separate ‘pumps’, 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 



8 

 

 

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. Diffuser/Nozzle Valveless Pump 

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

“diffuser”, the fluid suffers less pressure loss than does fluid flowing from the opposite direction (“the 

nozzle” 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 (θ) 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 θ = 30° for Re lower than 22 [55]. 
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 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 θ = 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 (2.5° < θ < 20°), the product of the pressure loss coefficient and the Re of a 

diffuser/nozzle, defined as coefficient A, was constant, which meant η 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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on the output performance of IPMC. However, when IPMC is exposed to air, the dehydration caused 

by evaporation or water electrolysis and the water absorption from the surrounding air will either 

increase or decrease the water content within the membrane and hence affect the electromechanical 

properties of the IPMC. 

 Studies to investigate the feasibility of IPMC for applications outside aquatic environments 

have been met with many challenges in the area of hydration and dehydration. Zhu et al. 

experimentally investigated the actuation mechanisms of Nafion® and Flemion® based IPMC and 

found that their deformation consists of three stages: fast anode deformation, relaxation deformation, 

and slow anode deformation, which largely depends on the water content and the membrane material 

[64]. From their experimental results, shown in Figure 2.4, it was found that the largest deflection 

occurs when the water content is almost 10% for both Flemion® and Nafion® based IPMC under a 

2V DC voltage; this is also the time when IPMC absorbs the largest amount of current.  
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(a)       (b) 

 

 (c)      (d) 

Figure 2.4.  Tip deflection of Nafion® (a) and Flemion® (b) based IPMC and the current 

absorption ((c) Nafion®, (d) Flemion®) under different water content which is around 10% at W3 

[64] 

 

 Generally, the largest time-varying property for an IPMC actuator is dehydration. The 

dehydration of IPMC has two stages: natural evaporation and electrolysis, which only occurs when 

the driven voltage is greater than 1.23V [65]. The methods used to prevent water loss from IPMC can 

be summarized into two categories: 1) coating them with waterproof film [8, 65-68], and 2) using 

other ionic solvents that are more electrochemically stable solvents [69-72].  Feng and Hou proposed 

a PDMS-encapsulated IPMC actuator where on one hand PDMS serves as electrodes with micro-

machined wires on their inner surface, and on the other, retains the water molecules within the IPMC 

membrane [73]. However, the most important drawback to this design is the extra stiffness brought 

about by the PDMS that would greatly reduce the force output. 
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2.2.2. Back Relaxation 

 When a DC step voltage is applied to IPMC actuator in a cantilever configuration, the tip 

deflection initially responds with large amount of bending followed by a slow recovery back to a 

steady state position [65]. This pulse-response like behaviour means that an IPMC actuator cannot 

hold the tip deflection over time under a DC voltage. This is caused by the diffusion of the water 

molecules which originally accumulated at the cathode boundary and later moved back into the 

membrane. This back-relaxation phenomenon happens to every IPMC and therefore, to control its 

deflection precisely, a suitable control scheme is required; this will be discussed in section 2.3. 

 

 

Figure 2.5.  IPMC tip deflection when a 1.2V DC step voltage is applied. Reproduced from [74] 

 

2.2.3. Limited Force Output 

 One of the most significant application constraints of an IPMC actuator is its limited force 

output [59]. The maximum power of an IPMC actuator is 10W/kg, which is significantly lower than 

that of most conventional actuators and biological muscles (approximately 1000W/kg) [60]. The 

maximum tip force of an IPMC can be roughly estimated as 40 times of its own weight, as its force 

density is around 40 [65]. Hence this can be improved either by increasing the width and thickness 

of the polymer or by decreasing the effective bending length [75]. Figure 2.6 shows the results of 

reducing the bending length of a Nafion® based IPMC the thickness of which was 0.2mm. It can be 

observed from the figure that the tip force increases with a shorter effective bending length where 
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10mm IPMC only generated a 2.3gf at 3.5V. Also studies have shown that by stacking IPMC strips 

or making other coupling arrangements it is possible  to magnify the force output [75-77]. 

  

 

Figure 2.6.  Experimental results showing the relationship between effective bending length and the 

tip force of IPMC actuators. Reproduced from [69] 

 

2.2.4. Hysteresis 

 Due to the dehydration and inconsistent manufacturing, it is unrealistic to uphold IPMC to the 

same position after repetitive deflections. As shown in Figure 2.7, the IPMC does not have identical 

displacement at 0V when driven from opposite directions [78]. Since the hysteresis has 

undifferentiable and non-memoryless characters, this causes position errors which will limit the 

precision and operating speed of IPMCs. As a matter of fact, the hysteresis phenomenon exists in all 

smart materials [79-83] and in many other practical systems [84-86] and thus requires suitable 

controllers.  
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Figure 2.7.  The relationship between applied electric voltage and the displacement of an IPMC 

actuator. Reproduced from [78] 

 

2.3. Control Strategies and Deflection Sensors for IPMC 

 In the recent decades, a considerable body of research has been conducted on 

electromechanical behaviour as well as on the control methods for IPMC actuators. Black box (which 

is based solely on system identification and no underlying principle is understood) [87-94], white box 

(which models the underlying electromechanical principle of the system and therefore fully 

understands the system behaviour) [90, 95, 96] and grey box (where part of the fundamental 

characteristics is known and couples the rest empirically determined model to form a comprehensive 

interpretation of the system) [87, 97-104] models have been proposed in order to mathematically 

model the actuation behaviour. However, these models are proven to be either inaccurate (white box) 

or not universal (black box) for every kind of IPMCs. Although the grey box models provide an ideal 

balance between simplicity and the amount of information provided, they only model certain 

phenomena pertaining to IPMC since what it is that the underlying electromechanical mechanisms 

provide for IPMCs is still unclear. Therefore, most grey box models are not entirely scalable and 

applicable in all situations because they cannot account for all operating conditions. Since IPMCs 

have so many drawbacks, as previously mentioned, these are critical problems that must be addressed 

before IPMCs can be utilized in engineering applications. 
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Figure 2.8.  Schematic diagram of the electro-mechanical IPMC model 

 

 Although it has already been widely agreed that the open loop (OL) controller cannot 

accurately manage the IPMC deflection over a long period of time or under variant circumstances; 

this is also the case with the simple closed loop (CL) controller, which does not achieve good results 

in controlling IPMC either. Because of the inherent drawbacks, as mentioned previously in Section 

2.2, ideally, controllers should be robust and able to be adaptive to the changes in IPMC. The 

following sections present a brief overview of current research into controlling IPMC, as well as the 

deflection sensors employed. 

2.3.1. Non-adaptive Control Strategies 

 Classical linear controllers such as PID (and variations, P, PI etc.) have been proven to be 

successful on IPMCs [77, 91, 93, 94, 105, 106]. The controllers were designed based on empirical 

linear modes which were not particularly accurate but still achieved a significantly better performance 

than OL controllers. In general, linear controllers are the simplest algorithms for IPMCs that work 

within small operating ranges where they can be assumed as linear. The control parameters have been 

previously designed for a particular model of IPMC, thus they obviously vary from case to case. The 

results obtained by linear controllers are normally used as the benchmark against which to measure 

the performance of more advanced controllers. For example, Yun and Kim used a PID controller with 

an integral anti-windup scheme to improve the bending performance of IPMC [107]. 

 Lin et al. proposed a non-linear controller for active control of an IPMC catheter system [108]. 

The control parameters were updated with a transfer function based on the dynamic response of the 

system under varying voltage inputs. A PID based gain scheduled control of IPMC was developed 

by McDaid et al. [109]. The whole working range was separated into three ranges, in each of which 

a set of the best control parameters was achieved with iterative feedback tuning. The tracking 

performance of these nonlinear controllers has been proven to be better than linear ones, but as they 

are still non-adaptive (parameters do not change for IPMCs) and thus it is difficult to tackle the time-

varying nature of IPMCs during time periods of long duration. The performance would degrade 
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rapidly if the system dynamics drifted away from linearity due to dehydration or being out of linear 

range.  

2.3.2. Adaptive Controllers 

 Since the dynamic response of IPMCs varies considerably over time, this necessitates the 

implementation of adaptive controllers for tracking IPMCs for prolonged operations and under 

various environments. Lavu et al. proposed the use of an MRAC scheme to control an IPMC under 

various levels of humidity (90%-98%) based on a humidity-related IPMC model [92]. However, only 

the results of the simulation were provided; no experimental results were supplied in order to validate 

whether the controller did actually improve the tracking performance over long time periods. Another 

MRAC was developed by Penella et al. in [110] experimentally compared the tracking performance 

with an LTI model and achieved better results, as well as adaptive behaviour; however, this was only 

over a short period of time.  

        In 2004, Oh and Kim developed an adaptive fuzzy controller for IPMC deflection based on a 

dynamic model derived from the water content of the IPMC [111]. The results of both the simulation 

and the experiments showed a close match with the reference signal. An adaptive neuro-fuzzy 

controller (ANFC) was implemented to control the deflection and showed a great tracking 

performance over 9000 seconds; however, this initially required a long training period [112]. La and 

Sheng proposed a robust adaptive controller with leakage modification to control an IPMC with a 

nonlinear model, although no experimental validation was  given [113]. In [114] a three-part 

feedforward control scheme was proposed. The researchers firstly identified the dynamic behaviour 

of the IPMC and then implemented a feed forward controller to control the deflection. Finally, an 

additional adaptive canceller was used for noise and disturbance rejection. Hao and Li proposed an 

adaptive inverse control of hysteresis and creep (back-relaxation) in IPMCs [115]. Later Hao et al. 

developed an adaptive force control method targeted at the creep phenomenon of IPMC output force 

[116]. Both of them exhibit good results but only a short time experiments were conducted. 

 From the aforementioned review, although all the adaptive controllers are able to track the 

deflection of IPMC and tackle the time-varying behaviours, such as dehydration and back-relaxation, 

a dynamic model of IPMC is still required beforehand. Obtaining a dynamic model would be time 

consuming and, more importantly, very difficult or even impossible for an embedded system in 

engineering applications. Therefore, a model-free control method has attracted lots of academic 

attention. 

 IFT, developed by Hjalmarsson et al. in 1994, is a model-free approach which adjusts 

controller parameters by analyzing the actual system performance [117, 118]. It is an iterative 
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optimization approach to controller design which uses a gradient descent algorithm to minimize the 

cost function of a design criterion from unknown system. Liu et al. used IFT to tune the PID 

parameters for an IPMC rotary joint control [119]. A 300 µm step signal was used as the reference 

input and after around 30 iterations the results maintained in a low error level. McDaid et al. extended 

Liu’s method to an ‘online’ IFT scheme by substituting the second experiment input with the output 

of the first experiment (in Liu’s research, this input was the error between input and output of the first 

experiment, as shown in Figure 2.9 (a)) [46]. The PID parameters are able to change along with the 

IPMC property and thus maintain the tracking performance for a longer time, as illustrated in Figure 

2.9 (b). 

 

 

(a) 

 

 (b) 

Figure 2.9.  Online IFT tuning block diagram (a) and results (b)  

of a 0.05Hz, 300 µm sine wave input [7] 

 

 Another model-free control method that needs to be mentioned is the repetitive controller. 

The repetitive controller was developed by Hara et al. in 1988 [120] and is able to track periodic 

reference signals as well as any rejecting periodic disturbance [121-123]. This has been reported to 

successfully follow the periodic references in permanent-magnet actuators [124, 125], hydraulic 
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servomechanisms [126] and time-varying systems [127]. The control scheme is achieved by the 

implementation of a model that generates the periodic signal with the same period as that of the 

reference into the closed loop, as shown in Figure 2.10. Different from the non-adaptive or model-

based adaptive controller in which the exact transfer function of the plant and precise tuning are 

required, the RC is regarded as a simple learning controller as the control input is calculated with the 

information from the error and can reduce the error rate as the number of operating cycle increases. 

Leang et al. experimentally tested an underwater IPMC whose deflection was controlled by a RC and 

measured with a strain gauge [128]. Although a dynamic model was also given in this study, it only 

served as the criteria for stability analysis. Even without this dynamic model, the RC can still work, 

albeit starting from a slow tuning process by choosing a small krc. 

 

 

(a) 

 

 (b) 

Figure 2.10.  Block diagram (a) and tracking result (b) of an RC controller is indicated by the red 

dash box where G(z) is the plant, and the periodic signal generator. [128] 
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2.3.3. Deflection Sensors 

 For every CL controller, the sensor is indispensable in forming a feedback loop. In order to 

compensate for the nonlinearity and time-variance commonly seen in the IPMC driving system [94, 

129, 130], a reliable controller with accurate sensing mechanism tailored to the application scenario 

is required. The current sensing methods for IPMCs can be summarized into two categories: 1) 

contact and 2) non-contact sensors.  

 Contact sensors, such as the strain gauge [128] and IPMC [43] (note: the IPMC is only able 

to work either as an actuator or a sensor at any one time), are either glued or temporarily attached to 

the driving IPMC so that the deflection or displacement of IPMC can be precisely measured at  

minimum space cost. For example, [128] glued a resistive strain gauge near the fixed end of the IPMC 

where the largest deflection of IPMC occurs and thus the tip displacement can be calculated using the 

strain-to-displacement relationship from an isotropic cantilever beam model.  However, any contact 

sensor will add extra rigidity to the actuator; this is crucial for IPMC because of its limited output 

force (normally several mN) [116]. More importantly, as shown in Figure 2.11 (a), the sensor is glued 

at the site of the largest deflection and hence the IPMC does not behave like an ideal beam, as the 

Young Modulus is not evenly distributed along the beam and thus no identical relationship between 

the strain and deflection can be found.  
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(a) 

 

 (b) 

Figure 2.11.  Schematic of (a) strain gauge and (b) laser gauge sensors 

 

 Non-contact sensors include lasers gauge [46, 119] and digital cameras (CMOS or CCD) [131, 

132]. The laser gauge is by far the most accurate and widely used distance sensor, not only in IPMC, 

but in many other academic and industrial applications. The resolution is typically several µm with a 

flexible sensing range (~ 10mm) able to be taught and a very wide bandwidth of up to a few kilohertz. 

Most laser sensors use the triangulation measurement principle (Figure 2.11 (b)) to detect the distance 

change. The laser beam is projected onto the target and reflected into a collection lens which focuses 

on an image of the spot on a linear array camera. The position of the spot image on the pixel of the 

camera is then processed to determine the distance to the target. However, although non-contact 

sensors have many advantages compared with those with a contact sensor, there is one key obstacle 

that limits them from being accurately applied in portable applications, due to their bulky size. 

Typically, the dimension of either a laser sensor or digital camera is about 10cm and a sensing range 
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of several more centimetres is also required which makes the overall size even larger as shown in 

Figure 2.11 (b). Therefore, a compact, non-contact sensing method would obviously be a better choice.  

 After considering various kinds of contactless sensors, the commercial, off-the-shelf inductive 

sensor was selected. A PCB coil based inductive sensor is proposed to develop a true displacement 

sensing feedback loop for use in this compact biomedical pump. The sensor alleviates the need for 

rigid contact or bulky non-contact sensors and ensures the portability and reliability of the overall 

systems. Aside from being compact, these sensors have low power consumption and a sufficiently 

high resolution and bandwidth. Furthermore, as shown in Figure 2.12, the PCB inductive sensor can 

serve as the back wall in the chamber of a biomedical pump, as it is insensitive to the medium, which 

miniaturizes the size even further.  

 

 

Figure 2.12.  PCB inductive sensor serving as a back wall of the chamber in a biomedical pump 

 

2.4. Summary of the Literature Review 

 From the review presented in this chapter, this study intends to target three areas of work that 

have not previously been thoroughly understood relating to the IPMC driving valveless pump: 1) flow 

characteristics for various diffuser/nozzle dimensions under low Reynolds number, 2) long term 

adaptive control schemes to tackle the nonlinear and time-varying behaviours of IPMCs, and 3) a 

compact deflection sensor for control feedback. They either lack a suitable candidate (contactless 
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sensor) or clearly manifest a discrepancy (diffuser/nozzle dimension). Therefore, addressing these 

problems will be the main task of this study. 

 This study first tried to find an optimized diffuser/nozzle dimension for compact valveless 

pumps in both numerical and experimental ways, as its efficiency has a large impact on overall 

pumping capability. A new structure bringing about greater bias on pressure loss along different 

directions was also proposed and studied. 

 In addition, due to the time-varying and non-uniform manufacturing properties of IPMCs, this 

study calls for an adaptive and model-free control approach that is applicable in engineering 

applications. It has to be noted that previous control strategies for IPMCs were designed mainly for 

step response, while in this application the IPMC works as an oscillating actuator such that the 

repetitive controller can be another candidate.  

 The compact contactless deflection sensor is the third element to be investigated; as previously 

mentioned, sensors cannot meet the specific requirements of this study. For practical consideration, 

widely applicable laser sensors were excluded because of their bulk, despite possessing a high 

resolution; contact sensors such as the strain gauge or polyvinylidene fluoride (PVDF) were also 

omitted as they largely reduced the force output of IPMC by introducing extra stiffness to the 

cantilevered structure.  Therefore the industrially available inductive sensor based on PCB was finally 

chosen. 

 This study will not only focus on a number of separate gaps in fluid mechanics, control or 

deflection sensors but also provide an engineering prototype by overcoming several application 

constraints such as back-relaxation, electrodes design and so on. Eventually, this prototype serves as 

an examination of current fundamental research in related areas and thus provide an indication for 

future studies.  

 

 

 

Equation Chapter 3 Section 1 

Equation Chapter (Next) Section 1 

 



32 

 

Chapter 3. Comprehensive Investigation 

of Diffuser/Nozzle Element at Low 

Reynolds Number 

3.1. Introduction 

Valveless pumps with gradually expanding diffuser/nozzle pair has been proven as a 

substitute for conventional pumps especially as the dimensions of pumps reduce [18]. Understanding 

the flow characteristics of the flow directing characteristic of a diffuser/nozzle pair is inevitably 

important to fully understand the pump performance. However, as there are a number of factors that 

may affect the fluid flowing along the diffuser/nozzle element, such as; length, half angle, shape, 

properties of the fluid, to name just some of the factors, the investigation is experimentally 

complicated and is a multi-variable problem as mentioned in section 2.1.1.  

It is a matter of urgency to fill this knowledge gap relating to diffuser/nozzle elements and 

therefore of the valveless pump performance, especially at low Re (< 100): this arises from the need 

for the miniaturization of pumps [56] with the delivery of high viscosity fluids [3] and the utilisation 

of low frequency actuation mechanisms [46]. Thus, the commercial CFD software package ANSYS 

CFX was employed to tackle the multi-variable problem of understanding the flow characteristics of 

diffuser/nozzle elements of various shapes, lengths, and half angles.  

This chapter focuses on the flow characteristics through diffuser/nozzle elements over low Re 

range ( < 100) and discusses the optimization of the performance of valveless pumps using these 

results; the chapter then reports on the experiments for a complete pump that were carried out to 

validate these assumptions.  

The numerical investigation was first presented at the 9th IEEE International Conference on 

Nano/Micro Engineered and Molecular Systems (NEMS) [133] together with the experimental results 

published in International Journal of  Applied Mechanics [16]. 
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3.2. The Principle of Valveless Pump Operation 

Following the first diffuser/nozzle based valveless pump being reported in 1993 [18], many 

research articles on the design and optimization of the pump performance were reported [9, 14, 15, 

21, 35, 44-47, 49, 53, 54, 134-139]. Such diffuser/nozzle element based valveless pumps involve 

periodic flow reversals so that each element first behaves as a diffuser for half the cycle, and then as 

a nozzle when the flow reverses in the second half of the cycle. Due to the differences in pressure 

loss between the diffuser and nozzle flows, a net flow is established for each cycle in the direction of 

the inlet diffuser flow. Hence, these diffuser/nozzle elements are regarded as ‘passive valves’ in a 

valveless pump. The structure of a typical diffuser/nozzle element based valveless pump is illustrated 

in Figure 3.1. In addition to a diffuser/nozzle pair, it also consists of a chamber that is capped by an 

oscillating diaphragm. As the diaphragm deflects upwards and downwards, there is a volume change 

which causes an inward and outward flow through both inlet and outlet; these are referred to as the 

source mode and the pump mode. The average flow rate at cross section d1 from the large end to the 

small end of an element (i.e. during nozzle flow) is lower than that from the opposite direction (i.e. 

during diffuser flow); this is because the nozzle flow has a greater pressure loss than does the diffuser 

flow. Therefore, after repeated deflections of the diaphragm, there is a net flux from the outlet in the 

direction of the diffuser. 

 

 

Figure 3.1.  Schematic of a valveless pump (a diaphragm, a chamber and a diffuser/nozzle pair) 

 

3.2.1. Pressure Loss Coefficient 

The pressure loss coefficient ξ is used to quantify the flow resistance of diffuser/nozzle 

elements, and is defined in Equation (3.1) and (3.2), for the diffuser and nozzle flows where the 

subscripts d and n respectively refer to the diffuser and the nozzle.  
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In these Equations, ∆P represents the total pressure loss through the diffuser/nozzle element; Vthroat 

is the fluid velocity in the narrowest part, such as d1 in Figure 3.1, of a diffuser/nozzle element. 

 Stemme and Stemme [18] estimated the flux of a valveless pump using 
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where V- and V+ are the volume flowing into and out of the outlet of the pump during the source and 

pump modes, respectively; Vo is the net flux through the outlet in one period of diaphragm oscillation; 

Vx is the volume variation caused by the diaphragm deflection and η is the diffuser efficiency 

representing flow-directing ability of diffuser/nozzle elements defined in Equation (3.6). 
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From equation (3.5) it is clear that improving η is a good way to maximize pump flux. Therefore, this 

chapter discusses how to maximise η by optimising various dimensions of the diffuser, e.g. half angle 

and area ratio.  

3.2.2. Coefficient A 

 As mentioned in section 2.1.1, Artyushkina proposed coefficient A to characterise 

diffuser/nozzle element flows, and argued that this was constant for certain diffuser/nozzle geometries 

at low Re (< 50) using an analytical model [140]. The coefficient A was defined as:  
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which can also be used to represent diffuser efficiency as follows [47]: 
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Although nearly all of the previous studies in this area have investigated pressure loss coefficients ξn 

and ξd , this chapter focuses on the coefficient Ad and An, as there is no difference in calculating η than 

in using pressure loss coefficient ξ and coefficient A.  

 

3.3. Numerical Simulation 

In this study, the flow characteristics of diffuser/nozzle elements are numerically studied using 

a commercial CFD software package [141]. The schematic of the diffuser/nozzle element used in this 

study, with a sudden contraction inlet condition and a sudden expansion outlet condition is illustrated 

in Figure 3.2. The diameter of the sections, D1 and D2, to which the diffuser/nozzle element is 

connected is 10 times the diameter of the widest section of the diffuser/nozzle element (D1 / d1 = D2 

/ d2 = 10), while the lengths of these sections, l1 and l2, are similar to that of the diffuser/nozzle 

element (l1 ≈ l2 ≈ l). This structure is believed to be able to eliminate error caused by different sudden 

expansion or contraction ratios and, at the same time, incorporate the entrance and exit pressure losses 

and thus allowing it to be directly coupled into the full pump model.  

 

 

Figure 3.2.  Diffuser (flow from right to left) /nozzle (flow from left to right) element 

 

In this study, d1 is fixed to 1 mm while changing the other parameters, AR and θ. For example, 

the planar diffuser element takes an area ratio, AR = 2 and θ = 5°, the dimensions of the cross section 

3 (the small end of diffuser, throat) and 2 (large end) shown in Figure 3.2 will be 1 mm × 1 mm and 
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1 mm × 2 mm, respectively; while the dimensions of cross sections 1 and 4 are both fixed at 10 mm 

× 20 mm. Due to the symmetricity of the conical and planar diffuser/nozzle elements, only half of the 

conical, and a quarter of the planar, geometries are modelled, as shown in Figure 3.3 (a) and (b), 

respectively. The commercial software ANSYS CFX is used to model and solve the problem. This 

has a finite volume code that is based on the RANS (Reynolds-averaged Navier–Stokes) equations. 

The fluid used was water at 15C. Uniform velocity inlet and uniform pressure outlet boundary 

conditions were applied at cross-section 1, 4, respectively, for the diffuser flow simulation; and 4, 1, 

respectively, for nozzle flow simulation (refer Figure 3.2). No-slip boundary conditions were imposed 

at the walls. The convergence criterion was set as the normalized norm of the residual for each 

variable that is less than 10-6. 

 

 

(a)     (b) 

Figure 3.3.  Numerical models of conical (a: half of the geometry) and planar (b: a quarter of the 

geometry) element 

 

In order to account for any turbulence generation (e.g. due to the presence of sharp corners, 

and any separation that might occur at large diffuser angles,), the shear stress transport (SST) 

turbulence model was used. Steady state simulations were conducted to calculate the performance of 

these diffuser/nozzle elements.  

Although the flow velocity during pump operation is transient, steady-state flow 

characteristics are believed to be useful for the preliminary design of the diffuser/nozzle elements, as 

it is difficult to simulate a transient pressure loss coefficient due to the uncertainty of oscillation 

frequency, the profile of the variation of the mean flow Re, and so forth. A detailed comparison of 

the steady state and transient simulation models is presented in the discussion section of this thesis; 

this will also prove the feasibility of using the steady state model as a preliminary design. 
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3.3.1. Mesh Sensitivity 

The mesh sensitivity was tested by refining the mesh size until the results from using 

successively finer mesh varied by less than 1%. The diffuser/nozzle element pressure loss and throat 

velocity for each of the mesh sizes thus obtained are shown in Table 3.1. Based on these results, a 

mesh size of 5e-5 was chosen for all subsequent simulations. Also, with the prior experience of the 

constant cross section pipe pressure loss simulation results, 10 inflation layers were added to increase 

the resolution of the flow near the walls. 

 

Table 3.1.  Mesh sensitivity test results 

Mesh size (m) ΔP (Pa) % Difference Vthroat (m/s) % Difference 

3e-5 5.44 -0.4 0.0797 0.8 

4e-5 5.46 -0.4 0.0791 0.9 

5e-5 5.48 -0.2 0.0784 2.8 

8e-5 5.49 0.2 0.0763 2.0 

1e-4 5.48  0.0748  

 

3.3.2. Model Validation 

The numerical model was validated by simulating and comparing the pressure loss 

coefficients for laminar flow (Re = 200) in conical and planar diffusers with those reported in [9]. 

The comparisons in  

 

 

 

Table 3.2 shows that the present planar simulation results mostly match well with the reported 

results, with slight differences for the conical diffusers. This might be due to the different simulation 

models being implemented. In this paper, a plane-symmetry 3D model with 10 inflation layers is used 

to simulate the conical diffuser while Singhal et al. used axis-symmetry 2D model without any 

inflation layer [9].  
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Table 3.2.  Comparison of loss coefficients obtained from present numerical 

 simulations with those in [9] for fully developed diffuser at Re = 200 

Diffuser half angle 
Conical Planar 

Singhal et al. Numerical Singhal et al. Numerical 

5o   0.49 0.53 0.61 0.61 

10o   0.52 0.55 0.56 0.55 

15o   0.61 0.61 0.59 0.58 

20o   0.66 0.68 0.66 0.67 

 

3.4. Results  

In the results and discussions that follow, the expression format ‘Xa-b’ will be used to 

represent different parameters under different conditions, in which ‘X’ refers to the parameter, such 

as coefficient, A, or diffuser efficiency, η; the ‘a’ will be the value of the area ratio AR and ‘b’ will 

be the value of the half angle,  in degrees. For example, ξd9-20 refers to the pressure loss coefficient 

of the diffuser with an area ratio AR = 9 and half angle  = 20. Similarly, a 9-20 element refers to an 

element with AR = 9 and half angle  = 20. 

 

3.4.1. Coefficient A Results 

Ad and An for conical diffuser/nozzle elements of AR = 9 and half angles  of 5 and 20 (Ad9-

5, Ad9-20, An9-5, and An9-20), obtained from the numerical simulations, are plotted in Figure 4, as a 

function of Re. 
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Figure 3.4.  A and η versus Re for diffuser/nozzle elements of 9-5 (AR = 9, θ = 5°)  

and 9-20 (AR = 9, θ = 20°) 

 

According to Figure 3.4, for Re < 10, the differences between Ad and An of each of the 

diffuser/nozzle elements is so insignificant that each diffuser has an efficiency close to 1, which 

means that the diffuser/nozzle elements lack any flow-directing ability. Both the An and Ad9-5 curves 

maintain an almost linearly increasing trend for 10 < Re < 100, while only the Ad9-20 curve increases 

linearly before Re = 20. After that, the slope of Ad9-20 gradually increases and leads to the 

phenomenon in which the efficiency of the 9-20 diffuser, η9-20, reaches a peak value of 

approximately 1.55 at Re ~ 40.  

In contrast, the slope of Ad9-5 curve, although exhibiting a slight nonlinearity under close 

examination, is lower than the corresponding nozzle coefficient A, An9-5, in this Re range. Therefore, 

the η9-20 curve maintains an increasing trend throughout this range.  

According to [55], this type of nonlinearly increasing Ad (especially noticeable for the 9-20 

element) relative to the linearly increasing An is due to the onset of flow separation in the diffuser 

flow. This causes extra pressure loss in the diffuser but not in the nozzle. The flow separation appears 

at different Re for different half angles, θ. This is confirmed from the flow visualisation obtained 

from the numerical simulation for a Re = 50, as depicted in Figure 3.5 (although flow separation 

occurs at a lower Re, there is a more obvious flow separation for Re = 50). Separated flow regions in 

the diffuser flow are clearly seen; this is not the case for nozzle flow. For the 9-5 element, flow 

separation, where any exists, this is then likely to occur at a much higher Re, beyond the range of 0 

to 100 being studied here. Figure 3.5 also includes streamlines of flow for the 9-5 element at Re = 50 

from the numerical simulations, where no separation of flow is seen. 

Based on these observations, an initial assumption is formed that diffuser/nozzle elements 

with different θ would reach a ‘peak’ η at different Re due to the onset of flow separation. To verify 
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this, diffuser/nozzle elements with various θ and AR were numerically tested and their η obtained for 

comparison. 

 

       

(a)                                                                            (b) 

     

(c)                                                                             (d) 

Figure 3.5.  Flow visualization for conical diffuser (a,c) and nozzle (b,d) streamline at Re = 50 (a,b 

for AR = 9, θ = 20°; c,d for AR = 9, θ = 5°) 

 

3.4.2. Numerical Results of Diffuser Efficiency 

The diffuser efficiency, η for various conical and planar diffuser/nozzle elements is plotted in 

Figure 3.6, Figure 3.7 and Figure 3.8, as a function of Re for different AR and θ. As annotated in these 

figures, various line styles and colours represent the different AR and θ, respectively. Diffuser 

efficiency, η is calculated according to Equation (3.9) from the coefficient A obtained from the 

numerical simulations at Re intervals of 10. Simulations were carried out for a range of θ and the 

optimal efficiency point was found in each case.  
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3.4.2.1. Conical Diffuser Efficiency 

 

 

Figure 3.6.  Plot of conical diffuser efficiency versus Re for different θ (2.5°, 5°, 10°, 20°, 30°) 

 

As shown in Figure 3.6 for conical diffusers with AR = 9, every η increases initially when Re 

is low but some start to drop after the peak is reached. Take θ = 20° for example, η increases with Re 

initially and later decreases when the peak Re = 40 is reached. In addition, for Re < 30, the maximum 

η is achieved by diffuser with θ = 20°, hence 20° is regarded as the optimal half angle for diffuser 

working in this Re range. It may be helpful to view this from an optimisation viewpoint, that the 

optimal half angle θ decreases with increase in the operating Re. For example, for Re < 28, the 

maximum η occurs at θ = 20°; for 28 < Re < 42, the maximum η occurs at θ = 15°; for 42 < Re < 70, 

the maximum η occurs at θ = 10°; while for 70 < Re < 100, the maximum η occurs at θ = 5°. Therefore, 

in order to obtain the best performance, it is necessary to implement small θ for large operating Re in 

low Re region (Re < 100). 

Also, the maximum η increases with θ, in other words, for higher Re, the maximum η at the 

optimal half angle is larger than those at lower Re. For example, when Re decreases from 100 through 

50 to 20, maximum η also decreases, from 1.94 through 1.66 to 1.3. For Re = 20, there is no 

diffuser/nozzle element with any θ whose η is larger than 1.3. Therefore, it can be deduced that 

increasing the operating Re is a good means to obtain large η of a valveless pump where a 

diffuser/nozzle pair is employed.  
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Another interesting observation is for diffuser with θ = 30°, where the numerical results show 

that η is lower than 1 when Re > 60, which means that the net flow of the pump is in the opposite 

direction and this matches well with the observation reported in [55]. 

 

3.4.2.2. Planar Diffuser Efficiency 

For planar diffuser/nozzle elements with the same length as the conical diffusers mentioned 

in 3.4.2.1, similar trends for maximum η and optimal θ with Re were found, as shown in Figure 3.7, 

albeit though different absolute values were observed.  

 

 

Figure 3.7.  Plot of planar diffuser efficiency versus Re at different θ (5°, 10°, 20°, 30°) 

 

For planar diffuser/nozzle elements, the maximum η increases with Re from 1.1 to 1.67, 

compared to the values of 1.1 to 2.05 for conical geometry. This phenomenon provides the interesting 

conclusion that the valveless pump implemented with conical diffuser/nozzle elements has a better 

performance than that with planar diffuser/nozzle with the same length, although the pressure loss 

coefficient in the planar nozzles is higher than those in the conical ones [142] in which  individual 

diffuser and nozzle elements were considered.  

The optimal θ of the planar diffuser/nozzle shows a similar trend to its conical counterpart, 

but with a different absolute value, for example, for Re = 22, 40 and 100, the optimized θ is 30°, 20° 

and 10°, respectively.  
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3.4.2.3. AR Influence on Diffuser Efficiency 

In this section, both conical and planar diffusers with different AR are numerically 

investigated to study the influence of AR. The η of conical diffuser with θ = 10°, 5° and planar with 

θ = 10° were plotted in Figure 3.8 for AR = 4, 6.25, 9, respectively. Clearly, η is found to increase 

with AR, although at some small Re, such as 20, there were some discrepancies, for example η of AR 

= 4 is larger than that of AR = 9 at Re = 20. The reason for this discrepancy may be the insensitivity 

of η at small Re, as it was very small and thus sensitive to the error induced in the simulation process. 

Therefore, it could be generally regarded that η could be improved by increasing AR. 

 

 
Figure 3.8. Plot of η versus different AR (AR = 4, 6.25, 9 and θ = 5°, 10°) 

 

3.4.3. Experimental Configuration and Results 

A valveless pump experiment with interchangeable diffuser/nozzle layers was set up to 

validate these numerical observations. The schematic and picture of the pump, which comprises a 

chamber with diaphragm, an inlet/outlet pair and a replaceable layer pair with a diffuser hole in the 

centre, are shown in Figure 3.9. A linear step motor controlled by a National Instrument sb-RIO9636 

card was used to actuate the diaphragm. All parts were machined with aluminium except for the 

diffuser/nozzle layers; these were printed by an SLA (Stereo Lithographic Apparatus) 3D printer.  
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(a)       (b) 

 

(c) 

Figure 3.9.  A valveless pump (a) CAD drawing with changeable diffuser/nozzle layers (yellow) 

(b), 3D printed diffuser or nozzle layer and (c) experimental setup 

 

The η was calculated based on the forward and backward flow distance in the tube with 

Equation (3.3) and (3.4). A 0.1 Hz sine movement was applied on the diaphragm with varying 

amplitude for generating different desired flow velocities. The air-water interface was added as the 

mark to measure the flow movement, as shown in Figure 3.10. Pumps working at various Re with 

conical and planar diffuser/nozzle elements were investigated to compare the performance of the 

diffuser with various dimensions and the results are shown in Table 3.3 and Figure 3.11.  

Fluid-structure interaction (FSI) simulation was also carried out as a comparison. The mesh 

size at the chamber and inlet/outlet is the same as that of the widest region of the diffuser, while the 
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diffuser mesh is the same as that in the steady simulation. 2 cycles (20 s) with 0.1 s time step were 

simulated and the results of the second cycle were used to calculate the diffuser efficiency as there 

was inconsistent data present at the beginning of the first cycle, due to zero initial value. The 

oscillating amplitude of the diaphragm was chosen so as to drive the peak outlet velocity at the desired 

values (note: the peak inlet velocity was a little lower than the peak outlet velocity and herein the 

Reynolds number (peak velocity) at the outlet was considered). As is similar to real scenario, the FSI 

result is believed to be more reliable than individual steady-state simulation, albeit a much bigger 

calculation resource is required.  

 

Table 3.3.  Comparison of η: numerical results and experimental results 

Case Working parameters 
Numerical 

results 

FSI 

results 

Experimental 

results 

1 Conical AR = 9, θ = 10°, Re = 20 1.21 1.17 1.19 

2 Conical AR = 9, θ = 20°, Re = 20 1.34 1.249 1.19 

3 Conical AR = 9, θ = 30°, Re = 20 1.24 1.182 1.11 

4 Conical AR = 9, θ = 5°, Re = 50 1.58 1.25 1.23 

5 Conical AR = 9, θ = 10°, Re = 50 1.68 1.36 1.33 

6 Conical AR = 4, θ = 5°, Re = 100 1.91 1.547 1.44 

7 Conical AR = 9, θ = 5°, Re = 100 2.05 1.654 1.56 

8 Conical AR = 9, θ = 10°, Re = 100 1.7 1.482 1.41 

9 Conical AR = 9, θ = 30°, Re = 100 0.84 0.978 1 

10 Planar AR = 3, θ = 20°, Re = 20 1.27 1.21 1.11 

11 Planar AR = 3, θ = 30°, Re = 20 1.295 1.23 1.19 

12 Planar AR = 3, θ = 10°, Re = 40 1.4 1.19 1.19 

13 Planar AR = 3, θ = 20°, Re = 40 1.48 1.23 1.26 

14 Planar AR = 2, θ = 10°, Re = 100 1.55 1.3 1.28 

15 Planar AR = 3, θ = 10°, Re = 100 1.67 1.43 1.36 

16 Planar AR = 3, θ = 20°, Re = 100 1.44 1.3 1.28 
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(a)                                                                        (b) 

 
 (c)                                                                        (d) 

Figure 3.10.  Experiment capture of case 7: (a) t = 0, (b) t = π, (c) t = 2π, (d) t = 3π, interface 

indicated by the yellow arrow 

 

As illustrated in Figure 3.10, the marker was initially at 477 mm and moved to 451 mm after 

the source mode i.e. first half cycle. Then it was driven back to 484 mm after the other half cycle 

(pump mode), which meant that a net movement of 7 mm was achieved during one cycle. A similar 

net displacement (7 cm from a difference between 452 mm and 458 mm) was also found during 

another cycle with π phase delay (from 0:09 to 0:19). To compare the performance of various 

diffuser/nozzle pairs, Figure 3.11 summarizes the marker movements between several cases in Table 

3.3, which represents the flow directing capability of the diffuser/nozzle pair, and also plotted the 

displacements according to their initial positions. From the two plots, all the displacements followed 

a sinusoid-like shape, during which the flow direction changed every 5 s, and gradually increased 

(except in case 9, which will be discussed in Section 3.5) denoting that the marker had a net movement 

in one direction and that the valveless pump had the capability to drive the fluid in one preferred 

direction. After 30 s (3 cycles), case 7 showed the largest net displacement where the marker moved 

by nearly 20 mm i.e. a 7 mm average displacement per cycle, which matched well with the previous 

observation shown in Figure 3.10.    

 



47 

 

 
(a) 

 
 (b) 

Figure 3.11. The mark movement of inlet flow for different configurations at Re = 100: (a) conical 

diffuser; (b) planar diffuser 

 

3.5. Discussion 

The experimental results summarised in Table 3.3 exhibit a good agreement with the FSI 

numerical results showing that, for various Re, the maximum η occurs at different θ, albeit that is 

found to be smaller than steady-state η. The reason for the decrease is due to the deficiency of steady-

state numerical simulation and frictional error in the experiment.  

When solving constant flow scenarios, simulation cannot account for those transient 

phenomena in the real experiment, where flow is not steady and follows a sinusoid velocity. The Re 

mentioned in the previous experiment represents the peak velocity, which would be lower when 

averaged over the whole period. For example, in case 6, the steady-state η for conical diffuser with 
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AR = 4, θ = 5° is 1.91 when Re = 100. However, in the experiment, although the peak Re is set to 100, 

for most of the time Re is lower than 100, where η is smaller. Therefore, in most cases experimental 

η is lower, except for case 9. For case 9, the numerical result has shown that it is able to direct flow 

in the opposite direction as η is lower than 1 for some Re ( > 60) values. Although the numerical 

result is 0.84 at Re = 100; according to case 9 in Table 3.3, η in the experiment is 1 as it is an averaged 

η for the whole period and it is higher than 1 when Re < 60. A clear flow-directing phenomenon in 

the opposite direction could be found only if a higher Re (> 200) was applied. 

In addition, friction in the tube also accounts for the decrease as it brings about extra pressure 

loss for both inlet and outlet flow. Especially when Re is low (< 20), friction would play a major role 

in pressure loss and thus cause the low Re results to be discrepant to the numerical ones, such as case 

1 and 2. 

Except for the decrease in absolute value, a similar trend about AR and θ is found for all the 

conditions. In both the numerical and experimental results, a larger AR is found to bring about a higher 

η, as demonstrated in case 6, 7 and 14, 15. Also, various optimal θ are found at different Re. For the 

conical valveless pump working at Re = 50 and 100, the maximum η is found to occur at θ = 10° and 

5°, respectively. For the planar valveless pump working at Re = 20, the maximum η = 1.18 occurs at 

θ = 30°, which agrees with that reported in [55]. The planar valveless pump working at Re =50 and 

100 is also found to achieve the best performance on θ = 20° and 10°. In addition to this, under the 

same length, the conical diffuser/nozzle pair is found to generate a better flow-rectify capability than 

the corresponding planar one, which conflicts with earlier reports which were based merely on the 

theory that pressure loss of the planar diffuser was higher than that of the conical one [142].  

 

3.6. Diffuser/Nozzle Dimension Investigation Summary 

Conical and planar diffuser/nozzle elements with different AR and half angle have been 

numerically studied in terms of their flow rectification efficiency at low Re range (< 100). It is 

observed that the optimum half angle,  decreases with Re, while the optimum AR increases with Re. 

From the results of the experiments it has been demonstrated that the whole valveless pump 

performance has a good match with that observed in the numerical simulation and thus in future can 

be employed as a design criterion for valveless pumps working at low Re range. 

Equation Chapter (Next) Section 1 

Equation Chapter (Next) Section 1
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Chapter 4. A Novel Diffuser/Nozzle 

Structure with Extended Sidewall for 

Efficiency Improvement 

4.1. Introduction 

In the previous chapter, flow characteristics along diffuser/nozzle elements were numerically 

studied and the optimum dimension found was validated by the results of the experiments. In addition 

to the investigations on classical diffuser/nozzle elements, in terms of the dimension, shape, and so 

on, there are also a number of studies focusing on modifying the normal diffuser structure by 

introducing obstacles along the nozzle side and/or reducing the pressure loss along the diffuser side 

in order to achieve a higher flow-rectifying efficiency.  

In the literature, studies on novel structure diffusers for valveless pump applications have been 

reported and are summarized in Table 2.2. Li et al. [57] used fins on the sidewalls of the diffuser to 

improve the pressure loss, as well as the rectification efficiency, in a micropump. Asymmetric 

obstacles were also implemented by Lee et al. [51] to gradually narrow the channel to mimic the 

diffuser and thereby creating the flow-directing effect in valveless pumps. Xu et al. implemented a 

saw-tooth diffuser/nozzle pair to increase friction and thus enhancing pump performance [52]. More 

recently, Chandrasekaran and Packirisamy reported on a geometrical tuning method for 

diffuser/nozzle design and claimed that it could enhance the pumping capability by using a concave 

or convex diffuser shape [15]. However, the effective tuning angle range reported was larger than 

20°, which, according to the findings in Chapter 3, is not practical as the optimum half angle of the 

diffuser is lower than 20° for most circumstances.  

Clearly, some of these novel diffusers have little practical application [15, 51] while others 

may be too complicated to be microfabricated [52, 57]. This chapter focuses on a development based 

on the theory of re-entrant inlets, hereafter referred to as the extended sidewall (or ‘lip‘) at the large 

end of a diffuser/nozzle element. The lip brings about extra pressure loss during nozzle flow but does 

not affect the pressure loss during diffuser flows, and hence increases diffuser efficiency. As is similar 

in the previous chapter, numerical simulations were carried out to quantify the improvements in 
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performance and for determining the optimum dimensions for the nozzle/diffuser element with a lip. 

Experiments were later conducted to verify these results and proved that this new structure could 

increase the diffuser efficiency over a wide Re range. A clear improvement in efficiency is observed 

in both the numerical and experimental results. 

The idea, as well as the preliminary numerical investigation of this study, was presented at 

the ASME 2014 International Conference on Nanochannels, Microchannels, and Minichannels [143] 

and a complete description of the study was published in the Heat and Mass Transfer Journal [144]. 

4.2. Analytical Analysis on the Pressure Loss Coefficient of the 

Proposed Diffuser/Nozzle Element 

When referring to Figure 4.1, consider an incompressible flow through a diffuser/nozzle 

element, which is connected between two ducts of diameter of 1D
 
and 

4D , which are much larger 

than the dimension of the diffuser itself (
1 4 2 3, ,D D D D ).  

 

 

Figure 4.1. Schematic of a Diffuser/Nozzle Element 

 

The energy equation (per unit volume of fluid) between two adjacent cross-sectional planes 

can be expressed as 

 
2 21 1

2 2
i i i j j j i jp V p V p          (4.1) 



51 

 

where p is the static pressure across the cross-section, ρ is the fluid density, V is the area-average 

velocity and the subscripts i and j represents the upstream and downstream locations, respectively, α 

is the kinetic-energy correction factor defined as [142] 

 
3

3

1

A

u dA
V A

     (4.2) 

in which u  is the axial velocity of the fluid. For a fully-developed laminar flow, the velocity 

distribution is parabolic and   is 2 for a circular or square tube. In classical fluid dynamics the loss 

coefficient from cross-sections i to j is often defined as  

 

 
2

j

1
max ,

2

i j

i j

i

P
K

V V
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As the total pressure loss from 1D  to 
4D  is contributed by the inlet pressure loss, frictional 

pressure loss and outlet pressure loss (frictional pressure loss between 1-2 and 3-4 (Figure 4.1) is 

small and can thus be neglected), the total pressure loss can be expressed as  

 
1 4 2 3entrance exitP P P P        (4.4) 

Since the pressure loss coefficient is defined as 
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where 3V  is the average velocity at cross-section 3 (Figure 4.1), then the pressure loss coefficient of 

the nozzle and diffuser directions can be expressed as 
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  (4.7) 

According to previous research, the entrance pressure loss coefficient enK  is 0.5 and the exit 

pressure loss coefficient exK  is 1 [142]. Note that these values were taken under the condition that 

two connecting channels were both constant channels, in other words, the half angle of the diffuser 

in Figure 4.1 is 0°. Since the entrance pressure loss coefficient is independent of the half angle [145], 
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the entrance pressure loss coefficient of 0.5 and exit pressure loss coefficient of 1 are still regarded 

as credible and to be used in the subsequent analysis.  

From the analysis in Section 3.2.1, to increase the diffuser efficiency as well as pump 

capability, either increasing 
n  or decreasing 

d  is feasible.  It has been well established that a re-

entrance inlet to a pipe has a higher loss coefficient than that without a re-entrance length [142] Herein, 

it is proposed that the nozzle/diffuser element of a valveless pump be provided with a re-entrance 

length or ‘lip’ at the large end to increase the reverse nozzle flow losses. At the same time, it is 

believed that there will be very little, if any, effect on the exit pressure loss coefficient in the diffuser 

flow mode and therefore the efficiency of the valveless pump will be enhanced. Herein, a modified 

diffuser with re-entrance at the large end (entrance for the nozzle flow direction) via an extended 

sidewall (’lip’) is proposed as shown in Figure 4.2. 

 

 

Figure 4.2. Schematic of new diffuser with extended sidewall at the large end 

 

According to [146], enK  increases with the length of lip from 0.5 to 0.72 and exK still remains 

at 1. Assuming that the frictional pressure loss in diffuser/nozzle ( 2 3K   and 3 2K  ) does not vary with 

inlet condition, inducing such a sidewall, as shown in Figure 4.2, is believed to increase n  to 0.72 

and therefore to increase  . In this analytical calculation, enK  was chosen to be 0.5 and 0.72 for a 

diffuser/nozzle with no extended sidewall and an extended sidewall, respectively. Experiments were 

then conducted to verify the analytical calculation. 
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4.3. Numerical Simulation Setup  

In this study, the flow characteristic of the diffuser/nozzle element is studied numerically 

using a commercial CFD software package by ANSYS [141] and all the setups are similar to those 

in Chapter 3. The schematic of the diffuser/nozzle structure used in this numerical simulation is 

illustrated in Figure 4.1. The diameter of the sections to which the diffuser/nozzle element is 

connected to is set at 10 times the diameter of the widest section of the diffuser/nozzle element 

(
1 4 2 310 20D D D D     ), while the length of these sections is the same as that of the 

diffuser/nozzle element (l1=l2=l). This configuration can eliminate the error caused by different 

sudden expansion or contraction ratios and, at the same time, incorporates the entrance and exit 

pressure losses, thus allowing it to be directly coupled to the full pump model. 

All of the diffuser/nozzle elements in this study have θ = 5° as this, according to previous 

research [147], is the optimum half angle. The area ratio is set at 4; hence, all diffuser/nozzle elements 

2D  and 3D  are set at 2mm and 1mm, respectively. 

Due to the symmetricity of the conical diffuser structure, only one-half of the geometry was 

modelled, as shown in Figure 4.3. ANSYS CFX is used to model and solve the problem. This is a 

finite volume code that is based on the RANS (Reynolds-averaged Navier–Stokes) equations. The 

simulation fluid was water at 15C. Uniform velocity inlet and uniform pressure outlet boundary 

conditions were applied at cross-sections D1 and D4, respectively, for the diffuser flow simulation; 

and D4 and D1, respectively, for the nozzle flow simulation. No-slip boundary conditions were 

imposed on the walls. The mesh sensitivity test and model validation are the same as those in the 

previous chapter. 

 



54 

 

 

Figure 4.3.  Simulation Geometry 

4.4. Experimental Setup 

 Considering that this study aims to investigate the influence of the lip dimensions, 

interchangeable diffuser layers were fabricated, as shown in Figure 4.4 (a) and (b). Two tube arms 

with an inner diameter of 3.8 mm forming a circular loop were set to be symmetrical in case of any 

imbalance, as shown in Figure 4.4 (c). Also, two valves were implemented on each arm to inject air 

columns as well as to adjust the air column positions. The pump performance was measured by 

reading the forward and backward flow movement ratio marked by the air columns in the tube, where 

a 20mm movement denoted a maximum working Reynolds number of 100 when the actuator 

frequency is 0.1 Hz. The pump’s diaphragm was actuated by a linear motor with a minimum step size 

of 3m. A National Instrument sb-RIO9636 card was used to control the motor as well as to 

communicate with the computer. All the parts were made with aluminium, except for the layers with 

the diffuser or nozzle where a high resolution was required, and were printed by a stereo lithographic 

(SLA) 3D printer.  
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(a)                                                 (b) 

 

(c) 

Figure 4.4.  Schematic of valveless pump (a), diffuser layer (b) and experimental setup (c) 
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4.5. Results and Discussion 

4.5.1. Analytical Pressure Loss Coefficient 

Figure 4.5 presents the comparison between the analytical and the numerical pressure loss 

coefficient. The analytical results were obtained from the pressure loss coefficient of a classical 

diffuser by (4.6) and (4.7). Ken,n was set to 0.5 and 0.72 for classical diffuser and diffuser with “lip”, 

respectively. Figure 6 shows that, at low Reynolds number, the loss coefficients from the numerical 

modelling and analytical (4.6) and (4.7) are matched. However, the difference increases as Re 

increases and numerically obtained values are lower than the corresponding analytical results. This 

may mean that the inlet pressure loss coefficient cannot be improved to 0.72 when the total pressure 

loss coefficient is too small at high Re. However, the analytical model is only a one-dimensional 

model, while the numerical model is fully three-dimensional, and the differences could perhaps  have 

arisen from this. 

 

Figure 4.5.  Analytical vs. numerical ξ 

 

4.5.2. Numerical Investigation of Performance Enhancement 

Figure 4.6 shows the numerical results for the classical diffuser and that with a 2mm length 

and 0.2mm thick lip. The maximum improvement of the η (from 1.59 to 1.68) occurs at Re = 200 and 

this indicates that the lip does not shift the optimum Re of a diffuser. Although the η of the modified 

diffuser is lower than that of the classical diffuser for Re = 50, the η is increased with the introduction 

of a lip for the rest of the Re.  



57 

 

 

 

Figure 4.6.  A comparison of the classical diffuser and the new structure with lip 

 

Based on this result, it is believed that the new structure is capable of increasing η in most 

instances. Therefore, in the following studies, diffusers with various lip dimensions are numerically 

investigated to determine the optimum dimension of the lip. All η are compared at Re = 200 as this is 

where maximum efficiency and improvement are observed. Unless specified otherwise, the length 

and thickness of “lip” are 2mm and 0.2mm, respectively. 

4.5.3. The Dimensional Effect of the ‘lip’ 

The η of diffusers with various lip length and thickness were simulated and plotted in Figure 

4.7. From this figure, it is clear that η changes significantly with ‘lip’ length, but changes very little 

with thickness.  
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(a) 

 

(b) 

Figure 4.7.  Diffuser efficiency vs. length (a) and thickness (b) of ‘lip’ 

 

As shown in Figure 4.7 (a), η increases with lip length initially but reaches a peak of 1.76 

when the length is 8 mm. After that, η starts to decrease with length. The increment could be explained 

by the change of vortex size in the flow visualization, as shown in Figure 4.8 and in the pressure loss 

coefficient in Table 4.1. In Figure 4.8 (a) and (b), the vortices for the short lip (2 mm) were small, 

while for the longer lip (8mm), as shown in Figure 4.8 (c) and (d), they were much larger. Combining 

this with the pressure loss coefficient data in Table 4.1, the assumption can be drawn that: the lip in 

the diffuser flow (at the exit) has no effect on ξd as ξd since the three lip lengths are all approximately 

1.25 no matter what the vortex size was; it was the “lips” in the nozzle flow (at the entrance) that 
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brought about the extra pressure loss as the vortex’s size corresponds to the extra pressure loss. For 

example, ξn increases from 2.02 to 2.21 as the lip length increases to 8mm.  

However, as the lip length increases, the friction pressure loss along the lip will contribute to 

an increasing portion of the overall pressure loss. It is easy to envisage that if the lip length were 

much longer than the diffuser itself, η would be nearly 1 as most of the pressure loss is due to the 

friction along the lip and will be the same for either direction. So beyond a certain length, η would 

start to drop with the increase of lip length. 

 

 

(a)     (b) 

 

(c)     (d) 

Figure 4.8.  Flow visualization of nozzle (a, c) and diffuser (b, d) streamline at Re = 200 (a, b for 

length = 2mm; c, d for length = 8mm) 
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Table 4.1.  Pressure Loss Coefficient Comparison 

Length of lips 

(mm) 
ξn ξd 

0 (no lip) 2.02 1.26 

2 2.09 1.24 

8 2.21 1.26 

 

From the flow visualization shown in Figure 4.9, no apparent change in the size of vortex for 

various lip thicknesses was observed. The η remains at 1.67 despite some volatility at small thickness, 

as illustrated in Figure 4.7 (b). The same observation is also seen from the pressure loss coefficient 

data in Table 4.2, where for lip thickness of 0.1 mm and 1 mm the ξd and ξn remain almost constant. 

Therefore, it can be assumed that the lip thickness has almost no influence on  diffuser efficiency. 

 

 

(a)     (b) 

 

(c)     (d) 
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Figure 4.9.  Flow visualisation for nozzle (a, c) and diffuser (b, d) flow at Re = 200 (thickness in (a, 

b) is 0.1 mm; thickness in (c, d) is 1 mm) 

 

Table 4.2. Pressure loss coefficient results for various thicknesses 

The thickness 

of lips (mm) 
ξn ξd 

0.1 2.099 1.256 

1 2.097 1.256 

 

4.5.4. Experimental Results for the Valveless Pump  

Experiments on the valveless pump with diffuser/nozzle pairs were carried out to verify the 

aforementioned numerical observations. First of all, diffusers with different lip thicknesses (length 

fixed at 2 mm) were tested and plotted in Figure 4.10 as well as two fitted Gaussian curves whose 

parameters are detailed and shown in Table 4.3. Similar to the numerical results plotted in Figure 4.7 

(b), various thicknesses did not clearly affect the peak efficiency or the optimum Reynolds number 

(where peak efficiency occurs) as both of them were at about 1.5 and 500, respectively. Therefore, in 

the following experiments, the length of lip will be the only investigation parameter as thickness has 

little effect and thus can be ignored.   
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Figure 4.10.  Experimental diffuser efficiency based on the flow movement for the diffuser with 

two different lip thicknesses 

 

Table 4.3.  Fitted Gaussian model (f(x) = a*exp(-((x-b)/c)^2)) coefficients (with 95% confidence 

bounds) 

Thickness 

(mm) 
a b c R-square RMSE 

2 
1.519 (1.462, 

1.576) 

471.3 (429.6, 

513) 

738.5 (569.4, 

907.6) 
0.747 0.05802 

4 
1.493 (1.465, 

1.521) 

488.4 (453.8, 

523.1) 

832.3 (698.6, 

966) 
0.8425 0.03518 

 

Figure 4.11 presents the results for the diffusers with lips of different lengths (thickness = 0.2 

mm). From this figure, there is a clear η enhancement that can be seen with the introduction of lip as 

the peak η increased from ~1.36 for the classical diffuser (no lip) to ~1.65 for diffuser with an 8 mm 

long lip. Also the results of the experiment showed a good agreement with numerical results reported 

in Figure 4.7 (a), in that η initially increased with lip length and peaked when the length reached 8 

mm. However, unlike the numerical results in which the lip dimensions do not shift, the optimum 

Reynolds number, which is 200 (Figure 4.6), the results of this experiment exhibit a clear Reynolds 

number shifting from 300 for no lip to 600 for lip length = 8 mm.  
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Figure 4.11.  Experimental diffuser efficiency based on the flow movement for diffuser with 

various lip lengths 

 

There are two possible reasons for this shift. First, the numerical simulation involved steady 

diffuser and nozzle flows, where the velocity is steady, whereas the flow in the experiment is transient 

and the diaphragm deflection follows a sinusoid movement. Therefore, the peak Re is 2  times the 

average Re, which corresponds to the steady Re. In addition, there is an almost 0.2 m long tube at the 

left and right arms of the pump that forms the closed circular loop. The frictional pressure loss along 

the tube is another reason for the discrepancy, as shown in Table 4.4, obtained from the standard 

laminar pipe flow correlation at 15°C [142]. The friction plays a major part in the total pressure loss 

along one arm when Re is low and gradually decreases as the velocity increases. This is also the 

reason that, for low Re, the experimental η is much lower than the numerical η, and similarly for the 

larger Re (1.3 for Re = 100 in Figure 4.10, compared with 1.5 in Figure 4.6). 
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Table 4.4.  Pressure loss at a classical nozzle, diffuser and tube at various Re 

Re 
Pressure Loss 

at Nozzle (Pa) 

Pressure Loss 

at Diffuser (Pa) 

Pressure Loss along 

Tube (Pa) 

100 10.53 7.47 16.9 

300 63.54 47.42 50.7 

500 154.87 132.26 84.5 

 

4.6. Summary of the New Diffuser/Nozzle Structure with Lip 

This chapter proposes a modified diffuser/nozzle structure with extended sidewall at the large 

end to enhance the performance of the valveless pump. Based on the numerical and experimental 

results, efficiencies of the diffuser/nozzle pairs were calculated and the following conclusions are 

drawn: 

1. The extended sidewall at the large end of diffuser is able to increase the diffuser efficiency 

and pump performance as it brings about extra pressure loss in the nozzle flow. The pressure loss in 

the nozzle direction is found to relate to the size of the vortex caused by the lip.  

2. In this study, the η increases with lip length and peaks when the lip is 8 mm long for the 

diffuser dimension of θ = 5° and AR = 4. The thickness of the lip has almost no effect on efficiency. 

The experimental maximum efficiency is 1.7 at Re = 600 when the lip is 8 mm. 

3. Unlike the numerical simulation where the peak η occurs at the same Re, the results of this 

experiment show that the maximum efficiency occurs at different Re for different lip dimensions. 

The results obtained from the numerical simulations are very useful to increase qualitative 

understanding of the diffuser/nozzle element flow and are sufficiently accurate to be used for design 

optimization of a diffuser/nozzle pair in a valveless pump. A lip at the large end of the diffuser is 

simple and easy to fabricate to enhance diffuser efficiency, as well as valveless pump performance. 

Therefore, the results of this study can be used as a low-cost performance enhancement method for 

the design of diffuser/nozzle valveless pumps.Equation Chapter (Next) Section 1

Equation Chapter (Next) Section 1 
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Chapter 5. A PCB Inductive Sensor for 

IPMC Displacement Sensing in Compact 

Applications 

5.1. Introduction 

To compensate for the nonlinearity and time-variance commonly seen in IPMC driven 

systems [148-150], an accurate displacement sensor tailored to the application’s scenario is needed. 

This chapter will discuss the sensors for IPMC displacement and their pros and cons when used for 

difference applications. The current sensing methods to determine the deflection of the IPMC can be 

summarized into two categories: (i) contact and (ii) non-contact sensors.  

Contact sensors, such as strain gauge [151] or additional IPMC sensing strip [152], are either 

glued or temporarily attached to the driving IPMC so that the deflection or displacement of the IPMC 

actuator can be precisely measured with the minimum of space cost. For example, Leang et al. [151] 

glued a resistive strain gauge near the fixed end of the IPMC where the largest deflection of the IPMC 

occurs and thus, the tip displacement can be calculated from the strain-to-displacement relationship 

of an isotropic cantilever beam model.  However, any contact sensor adds extra rigidity to the actuator, 

which is especially crucial for IPMC because of its limited output force (normally several mN) [153]. 

More importantly, as shown in Figure 5.1 (a), the sensor glued to the IPMC base caused the IPMC to 

not behave like an ideal beam, as the glue caused unevenly distributed Young Modulus along the 

beam. As such no accurate, time-invariant relationship between the strain at the base and tip deflection 

can be found. The use of another IPMC sensing strip, as reported in [152], as an integrated sensor has 

the advantages of simplicity, compliance and bio-compatibility which allows it to be implemented in 

biomedical applications. However, due to its inherent properties, such as dehydration, hysteresis and 

non-linearity, the accuracy of its sensing largely depends on environmental stability rather than on 

the sensor itself. Hence, these negate the advantages of using another IPMC as a sensor. 
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                                  (a)                                                       (b) 

Figure 5.1.  Schematic of (a) strain gauge and (b) laser gauge sensors 

 

Non-contact sensors include laser sensors [154, 155] and digital cameras (CMOS or CCD) 

[156, 157]. The laser sensor is by far the most accurate and widely used distance sensor, not only for 

IPMC, but also for many other academic and industrial applications. The resolution of a laser sensor 

is typically several μm with a flexible sensing range (~ 10 mm) able to be programed with a wide 

bandwidth of up to a few kHz. Most laser sensors use the triangulation measurement principle (Figure 

5.1 (b)) to detect the distance change. The laser beam is projected onto the target and reflected into a 

collection lens which focuses on an image of the spot on a linear array camera. The position of the 

spot image on the pixel of the camera is then processed to determine the distance to the target. 

However, although non-contact sensors have many advantages compared with contact ones, there are 

two key obstacles that limit them from being applied truly in portable applications: their bulky size 

and cost. Usually, the dimension of either the laser sensor or the digital camera is about 10cm and a 

sensing range of several more cm is also required; this makes the overall size even larger, as shown 

in Figure 5.1 (b). Therefore, a compact, non-contact sensing method would obviously be a better 

choice.  

In this chapter, an inductive sensor in a PCB form is proposed as the feedback sensor in a 

simple proportional-integral-derivative (PID) controller for IPMC displacement control. It removes 

the need for rigid contact (e.g. strain gauge) or bulky non-contact (e.g. laser) sensors and ensures the 

portability and reliability of the overall systems. Aside from being compact, these sensors must have 

low power consumption, low cost and a sufficiently high resolution and bandwidth.  
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The principle of inductive sensing is first discussed; this is followed by the selection of the 

sensor’s target material, followed by the PCB coil design. The performance of the inductive sensor is 

later evaluated. It is compared with a laser sensor in measuring an IPMC’s deflection driven by a 

chirp signal to determine its bandwidth and the frequency response of the sensor. Finally, a PID 

controller is implemented to test the inductive sensor as the feedback loop in controlling the IPMC’s 

deflection.  

5.2. Inductive Sensing Principle 

An AC current flowing through a coil will generate an AC magnetic field and at this time the 

coil has its own frequency-depended equivalent resistance (Rs) and inductance (Ls). If a conductive 

material, e.g. a metal plate, is brought into the vicinity of the coil, this magnetic field will induce 

circulating (eddy) current on the surface of the target. This eddy current is a function of the distance, 

size and composition of the target which, in return, generate their own magnetic field, which opposes 

the original field generated by the sensor coil, as shown in Figure 5.2. Therefore the changes in the 

equivalent resistance (R(d)) and inductance(L(d)) can be viewed as distant-dependent components. 

Once the target and AC driving voltage have been identified, R(d) and L(d) have their exclusive 

relationship with the distance and thus could be used as a distance sensor.   

 

 

Figure 5.2.  Inductive sensing principle 

 

With a LDC1000 inductance-to-digital converter integrated circuit, the equivalent resistance 

of the sensor coil is measured by monitoring the energy dissipation of the resonance circuit and the 

inductance is measured by measuring the oscillation frequency of the resonance circuit (a parallel 
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capacitor is usually added to the sensor coil to create a resonator and thus reduce the energy 

consumption). 

5.2.1. Target Material Selection 

Since the sensing mechanism is based on the electromagnetic coupling between the coil and 

the conductive target, the physical characteristics (mainly resistivity and magnetic permeability), the 

shape and dimension of the conductive target have great influence on the sensor’s performance. 

Generally, inductive sensors have better performance, detecting a low resistivity, ρ and low 

permeability, µ target [158]. In addition, the coating uniformity of the target has an effect on the 

performance in measuring a rotating or moving target. Metals with low resistivity and low 

permeability, such as copper and aluminium, are hence good candidates. Penetration depth is another 

consideration worth noting in the target selection. As the eddy currents flow beneath the surface of 

the conductive target, there is a phenomenon in which the density reduces exponentially with depth; 

this is called the skin effect. Table 5.1 summarizes the resistivity and penetration depth of several 

materials under normal working frequencies. The thickness of the target has to be greater than a 

certain limit otherwise the magnetic field generated by eddy currents may not be large enough for 

measurable coupling. For example, if a stainless steel plate is measured by an inductive sensor whose 

resonance frequency is 1 MHz, the thickness must be at least 440 µm or greater, otherwise the 

magnetic coupling will be too weak due to the skin effect and difficult to detect. 

 

Table 5.1.  Resistivity and penetration depth of typical target materials [158] 

Metal 
Resistivity 

(10-6 Ω·m) 

Penetration depth (µm) 

10 kHz 100 kHz 1 MHz 10 MHz 

Copper 0.017 660 210 66 21 

Aluminium 0.026 820 260 82 26 

Stainless 

steel 
0.77 4400 1400 440 140 

Titanium 

alloy 
1.69 6600 2100 660 210 
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5.2.2. PCB Coil Design 

Here, the coil is made of copper in a PCB form, which not only electrically connects 

components but also provides mechanical support. This kind of flat coil has several advantages 

compared to other coils due to its ease of manufacture, low cost, and reliability, albeit that it needs to 

be of a larger size.  

The resonant frequency fR of an LC circuit, which relates to the distance between the coil and 

the target is proportional to the energy dissipation that relies on the equivalent resistance. Therefore, 

for the design of a PCB coil, the following parameters should be considered: 

1) Generally, a coil with a larger outer diameter ro produces a wider spread magnetic field but 

with a smaller gradient of magnetic flux density, which makes it less sensitive to distance change. A 

typical criterion is to set ro at more than twice the maximum distance and set the inner diameter ri at 

less than 1/3 of ro. 

2) The number of coil turns is another notable consideration as this can increase the detection 

resolution. However, once ro is decided, the coil turns are constrained by the PCB’s size (number of 

layers N, minimum width of trace and gap p, etc.). Therefore, the maximum number of coil turns in 

one layer is 

 1
2 1

o ir r
n

p





 (5.1) 

3) The inductance of the coil when there is no conductive target in the vicinity can be 

estimated by 
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The total capacitance consists of two parts: the trace capacitance (Ct) and the interwoven 

capacitance (CIWC, exist only in multilayer PCB coil). Ct can be calculated by the material 

specification and CIWC usually equals to ¼ of the capacitance considering two layer traces as parallel 

metal plates: 

2 2

0 0 ( )1 1

4 4

r r o i
IWC

A r r
C

h h

     
   (5.3) 

where r  is the relative permittivity constant, r   is the vacuum permittivity and h is the distance 

between two layers. 

4) Then the self-resonance frequency (SRF) is: 
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 (5.4) 

The maximum inductance as given in (5.2), it is usually twice the minimum inductance; hence, the 

minimum resonance frequency fmin is half the maximum resonant frequency, fmax and less than 1/6 of 

SRF (in case of the mutual inductance between coil trace and wires). 

min max

1 1
/ 6

22
f f SRF

LC
    (5.5) 

where C is the overall capacitance of the parallel resonator, L is the result of equation (5.2). Equation 

(5.5) can be used to calculate the parallel capacitor to operate at the desired frequency. 

5) The DC resistance of a PCB coil is given by the basic resistivity equation  
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 (5.6) 

where  is the resistivity, l, w and t are the length, width and thickness of trace, respectively. Due to 

the skin effect, the worst AC resistance would be twice that of the DC resistance:  

 2AC DCR R  (5.7) 

Therefore, the Q factor of a no load (no conductive target in the vicinity) coil is: 

 
min2

AC

f L
Q

R


  (5.8) 

The Q factor is regarded as a general determining factor of inductive sensor performance (resolution, 

linearity, robustness). Therefore increasing this will enhance the performance of inductive sensors. 

For example, if a four-layer PCB is used instead of two, the capacitance would be 4 times greater, 

while the resistance would only double, which leads to a doubling of the Q factor.  

 Hence, 4 PCB coils with different diameters will be constructed (two layers PCB, 4 mil width 

and gap, 1 oz copper trace). All the inner diameters are set to 2 mm, as this is the minimum diameter 

able to be printed to accommodate as many turns as possible. From the parameters summarized in 

Table 5.2, it is expected that coil 4 has the highest Q factor. However, it has to be mentioned that the 

Q factor denotes only the best sensing performance the coil can achieve, regardless of the distance to 

the target. Therefore, its performance, in terms of resolution, linearity and detection range, needs to 

be quantified to determine the most suitable coil design.  
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Table 5.2.  Inductive parameters of 4 designed PCB coils 

Number 

Outer 

diameter 

(mm) 

Inner 

diameter 

(mm) 

Turns 

Free field 

frequency 

(kHz) 

Free field 

inductance 

(uH) 

Parallel 

capacitance 

(pF) 

Q 

factor 

1 3.61 2 85 100 376.39 67.29 5.51 

2 2.61 2 60 360 139.56 14 6.5 

3 2.29 2 52 360 94.53 20.67 11 

4 1.97 2 44 500 58.49 17.32 17 

 

5.3. The Performance of the Inductive Sensor 

There are several parameters determining the performance of the inductive sensor, such as 

resolution, linearity and frequency response. Here, these parameters will be experimentally 

determined. 

5.3.1. Resolution and Linearity of Inductive Sensors 

As mentioned in the previous section, the inductive sensor connected to LDC1000 can 

generate two independent outputs, inductance L and resistance Rp, which are computed from the 

LDC1000’s Y output.  Here a linear motor E43K4U-05-120, the minimum step size of which is 1.5 

µm, is used and an anti-backlash nut, both of which are from Haydonkerk; these elements are used to 

move a conductive target along a linear path with a constant velocity to determine the resolution and 

linearity of the inductive sensor. A 12.5× 5×0.035 mm conductive copper tape serving as the sensor 

target is attached at the end of the moving plastic rod motorised by the linear motor. It has to be noted 

that the thickness of the commercially available tape used is thinner than the penetration depth given 

in Table 5.1. Therefore, the sensing performance would be likely to deteriorate to some extent and it 

is believed that using a thicker tape would definitely improve the sensing performance. The target is 

initially placed close to the centre of the PCB coil and then driven away by the linear motor with a 

speed of 0.1 mm/s. The output of Rp and L are recorded and plotted in Figure 5.3.  It has to be noted 

that the LDC1000 does not directly output the equivalent resistance but a proximity data, Y which has 
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to be converted with the taught Rp range to obtain the real equivalent resistance. The converting 

relationship is as follows: 

( ) / ( (1 ) ),MAX MIN MIN MAXRp Rp Rp Rp Y Rp Y in        (5.9) 

in which RpMAX and RpMIN are the taught Rp limits. 

 

 

Figure 5.3.  Rp and L results measuring a linear moving target (Rp proximity and Inductance data 

are read from LDC1000 interface and represent the equivalent resistance and Inductance 

respectively) 

 

From Figure 5.3, both Rp and L have a sharp rate of change initially when the distance is small 

and this gradually reduces as the target moves away. The slope of the plot in a sense denotes the 

resolution of the sensor. For example, Rp decreases quickly in the first 5 mm then remains almost 

constant in the last 5 mm, which means that it has a smaller resolution when it is closer to the target 

and becomes larger as the distance increases. In addition, non-linearity, which is unwanted in most 

sensors, is observed in both Rp and L. Therefore, a quantitative computation has to be carried out to 

compare their performance and determine a suitable working range. 

The computation process is as following. The resolution of a sensor is measured by the 

corresponding distance of the moving target when the least significant digital of output is changed by 

1 bit. However, due to the existence of noise, this proves to be difficult. Hence, a ‘least squares best 

fit straight line’ method is used for a distance increase of 1 mm to determine the linearity of the sensor. 

The outputs of the inductive sensor are fitted with 1st order polynomial function in MATLAB and the 
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R-Square defined in (5.10) can be regarded as the parameter representing the linearity of an output. 

The R-Square can take on any value between 0 and 1, with a value closer to 1 indicating that a greater 

proportion of variance is accounted for by the model i.e. it is more linear.  
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 (5.10) 

 

 

Figure 5.4. Resolution and Linearity of the outputs from coil 1 

 

Figure 5.4 is the computed resolution and linearity of Rp and L. From the figure, both Rp and 

L have good linearity (black lines) when the distance is < 13 mm as their R-square factors are all 

larger than 0.5. When the distance is greater than 15 mm, the model starts to become inaccurate. On 

the other hand, the Rp and L resolutions (red lines) deteriorate exponentially as the distance increases. 

When the target is initially very close to the coil, the resolution can be as small as 1 um and is even 

better than that of a laser sensor. But the resolution exponentially increases to about 10 µm when the 

target is ~10 mm away. Beyond 15 mm, the resolution becomes too large (> 60 m) for most 

applications. Therefore, coil 1 is suitable for sensing distance up to 10 mm. Also, in general, the Rp 

is found to have a slightly better performance with a higher linearity and smaller resolution compared 

to L. 
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Table 5.3.  Resolution and Linearity of Rp and L measuring a target at 10 mm distance 

Coil 

number 

Resolution-

Rp 

Resolution-

L 

Linearity-

Rp 

Linearity-

L 

1 0.013 0.02 0.96 0.85 

2 0.015 0.02 0.95 0.82 

3 0.03 0.035 0.95 0.88 

4 0.031 0.032 0.94 0.84 

 

Three different coils were also tested and Table 5.3 summarizes their resolution and linearity 

at a sensing distance of 10 mm. Although the Q factor of coil 4 is the largest, according to Table 5.2, 

it has the worst resolution. This may be due to the sensing range and the coil diameter, which has a 

significant impact on the size of the generated magnetic field. If the coil diameter is too small, as in 

coil 4, the generated magnetic field is very weak beyond 10 mm and cannot offer an effective coupling 

to be sensed. Coils 1, 2 have better resolution than 3, 4 in both Rp and L, while Rp seems to be a more 

accurate than L in all of the 4 coils. Hence, from here onwards, coil 2 will used in the following 

experiment. 

5.3.2. Measuring IPMC frequency response driven by a chirp signal 

Bandwidth is another important parameter as it defines the detectable frequency range of the 

sensor. To measure the bandwidth of the inductive sensor, the PCB coil and a laser sensor are placed 

on each side of an IPMC driven under a chirp signal with amplitude of 2 V and frequency sweep of 

up to 2 Hz. A plastic holder is used to clamp the IPMC and inductive sensor with a gap of 10 mm 

between them, as illustrated in Figure 5.5 (a) and (b). A copper tape with same dimension as described 

in Section 3.1 is placed at the free end of the IPMC cantilever (Figure 5.5 (c)). The results are acquired 

under a sampling rate of 100 Hz and plotted in Figure 5.6. Although the results are in time domain, 

the mathematical model of the system can still be identified as all the frequency components are 

contained in the chirp input signal. The results are normalized to 1 to ignore the absolute deflection 

and then imported into MATLAB to determine the frequency response of IPMC using the system 

identification toolbox. A mathematical model is necessary to control the IPMC with a feedback loop.  
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(a)      (b)   (c) 

Figure 5.5.  (a) Schematic, (b) a picture of the set-up and (c) IPMC with conductive tape 

 

Figure 5.6.  Input and measured outputs of laser and inductive sensors 
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Figure 5.7.  Bode diagram of IPMC calculated with the outputs of laser and inductive sensors 

 

From Figure 5.7, it can be clearly seen that both the Rp and L outputs match reasonably well 

with the laser sensor over most of the frequency range. However, clear discrepancies can be seen near 

0.9 Hz, where Rp has a dissimilar phase delay to that of the laser sensor and L output. However, Rp 

exhibits a slightly better performance than L at about 0.07Hz (grey circles), and corroborates with the 

results in Figure 5.4 and Table 5.3. Also, unlike when the strain gauge is used, as reported in [151], 

no phase shifting phenomenon is found at low frequency range.  

5.4. IPMC Deflection Controlled by a PID Controller 

In this section, the inductive sensor is used in the feedback loop of a PID controller to 

demonstrate its feasibility and compare its performance with a laser sensor. The PID is a well-known 

three-term controller for industrial applications; it provides a proportional term, an integration term 

and a derivative term, which control the attempts to minimize the present error, the accumulated 

previous errors and the predicted future errors, respectively. By tuning the weightings of these three 

terms, the controller is able to provide control action tailored for specific process requirements [159]. 

In addition, there are several adaptive or non-linear tuning methods based on PID, which may account 

for the time-variant or non-linearity properties of IPMC [159, 160]. However, since the aim is to 

demonstrate the use of PCB inductive sensor as a compact sensor for controlling the deflection of the 

IPMC, only the PID will be used to demonstrate this feasibility. Figure 5.8 illustrates the block 
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diagram of a PID controller for the IPMC with the inductive sensor as the feedback loop. The laser 

sensor is only used to measure the deflection for comparison purposes and is not part of the feedback 

loop.    

 

 

Figure 5.8.  Block diagram of the PID controlled IPMC deflection system 

 

The desired displacement follows a 0.3 V sine wave with a frequency of 0.1Hz. The LP 

(low-pass) filter is chosen to be 50( )
( 50)

Q s
s




, with cut-off frequency of 8 Hz to eliminate the 

high frequency non-mechanical noise. Also, a limit of 2 V is added to clamp the controller output 

voltage so as not to damage the IPMC. However, due to the existence of this limit, the controller may 

output an oscillating signal if the controller output is saturated at 2V and this could be amplified and 

result in the oscillation of the IPMC. The controller parameters are chosen according to [154], 

enabling true comparison. The presence of noise, as well as microscopic targeted displacements, 

constrain the output’s signal to noise ratio, which makes it unrealistic to implement a derivative term 

as it would amplify the noise. Therefore, in this experiment, Kd = 0, KP = 9 and KI = 2.75 are chosen 

as the controller parameters. Figure 5.9 (a) and (b) show the measuring results of IPMC deflection 

with Rp and L as feedback, respectively.   
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(a)       (b) 

Figure 5.9.  Measured deflection from laser and inductive sensors with Rp (a) and L (b) as feedback 

loop 

 

Figure 5.9 successfully demonstrates the feasibility of using the inductive sensor (Rp and L) 

as feedback for controlling IPMC deflection. The actual deflection, as measured by the laser sensor 

and those measured by the inductive sensor, matches well, although a clear delay is observed. This is 

mainly due to the Kd that predicts the future error and is set at 0 in this instance. Choosing the Kd 

value is a trade-off, which on one hand could reduce the delay (increasing Kd), or on the other hand, 

would eliminate the oscillation (decreasing Kd). However, in this experiment, although Kd is set at 0, 

the oscillation still gets amplified. Nevertheless, the results obtained here demonstrate that the 

inductive sensor could be a suitable candidate to be used for closed loop control of an IPMC actuator. 

5.5. Summary of the PCB Inductive Displacement Sensor 

This chapter has discussed the application of inductive sensors in a PCB form used as a 

displacement sensor to control the bending deflection of an IPMC actuator. In contrast to a strain 

gauge, this sensor is contactless; in addition, the sensing distance is greatly reduced when compared 

to a laser sensor, thus allowing a compact system. The characteristics of four PCB coil sensors with 

different turn numbers were investigated and from the results it was found out that a higher Q factor 

did not necessarily lead to a better resolution due to the variance of target size and shape. The PCB 

inductive sensor with best performance was then compared with the laser gauge in measuring a 

deflecting IPMC under the excitation of a chirp signal. The bode diagram obtained from inductive 

and laser sensors had a good match and this suggested that the inductive sensor could be a good 

substitute for the laser sensor. Finally, successful tracking was achieved using a simple PID controller 

in tracking a 0.3V sine wave, which proves the feasibility of using such inductive sensors in compact 

IPMC driven devices such as biomedical pumps. 
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Chapter 6. Adaptive Control for the 

Displacement Manipulation of a Bending 

IPMC and Double-Chamber Valveless 

Pump Design 

6.1. Introduction 

IPMC is a nonlinear, time-variant actuator and therefore requires a suitable control scheme 

for long period, consistent, applications. This chapter firstly aims at a model free approach to address 

the nonlinearity and time-variance of the IPMC by focusing on two adaptive controllers: a PID with 

iterative feedback tuning (IFT) and a repetitive controller (RC) as they have both been reported to 

operate well for IPMC; then a double-chamber valveless pump configuration is proposed based on 

aforementioned conclusions and the performance in terms of pumping volume and withstanding time 

is measured to prove its feasibility in biomedical applications.  

The research work described this chapter has been published by the IEEE/ASME Transactions 

on Mechatronics. 

6.2. Adaptive Controller Selection 

6.2.1. Iterative Feedback Tuning  

IFT developed by Hjalmarsson et al. in 1994 is a model-free approach, which adjusts the 

controller parameters by analysing the actual system performance [117, 118]. It is an iterative 

optimisation approach to controller design, which uses a gradient descent algorithm to minimise the 

cost function of a design criterion from unknown systems. Normally, three experiments are required 

to complete each iteration of the optimisation process. First, the normal output signal is recorded from 

the control system with reference input and current controller gains (experiment 1). Additional data 

is acquired from experiment 2 where the output of experiment 1 is fed as the reference input to the 

control system. A final experiment is performed where the reference signal is inputted again to ensure 

that the data from the first and third experiments are independent of each other in order to reduce bias. 
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Details of the general algorithm can be found in [118]. There is also a two-iteration version of IFT, 

which injects the error, instead of the output, from the first experiment into the input of the second 

one. However, with this version, although faster, there is usually a larger bias in the second 

experiment and thus online tuning cannot be achieved. 

6.2.1.1. The Motivation for IFT with IPMC 

 As mentioned in section 2.3, most of the IPMC controllers were first tuned in simulations 

using an approximate model of an IPMC, and then implemented into the real system. The major issue 

with this method is the accuracy of developing a suitable model for IPMC as it is extremely non-

linear, time-variant and manufacturing dependent. Thus far no appropriate model, that can take into 

account every kind of IPMC behaviour, has been developed and merely employing a time-invariant 

model is without question inappropriate and inaccurate when operating over a long time period. 

 A controller with auto-tuned parameters is a good solution for the time-variant model as it 

continually adapts to the variability on the real system. If a controller is used with the IPMC in the 

real world with an actual load, such as an insulin pump, the dynamics of the system will change 

significantly as the insulin in the reservoir is reducing but no exact amount is being recognized. The 

development of an IFT routine will allow the controller to be automatically tuned without the need 

for any knowledge of the plant. As experiments on the system itself are used to calculate the updated 

controller parameters, the system is impervious to variations in the structure of a system model.  

6.2.1.2. IFT Algorithm 

The PID control system with IFT used here is shown in Figure 6.1, where r is the reference 

input, u is the output from the controller and y is the system output. The controller has cascading two 

degree-of-freedom blocks i.e.;  𝐶(𝜌) = [𝐶𝑟(𝜌) 𝐶𝑦(𝜌)], where 𝐶𝑟(𝜌) is a standard PI controller and 

𝐶𝑦(𝜌), which is also a standard PID controller. The two controllers share the same parameters where 

possible.  

 

Figure 6.1.  Block diagram of a PID controller where Cr and Cy share the same parameters tuned by 

the IFT 
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6.2.1.3. The Design Criterion 

The design criterion or objective function 𝐽(𝜌) is formed by taking the mean squared error 

(MSE) value of error (�̃�) and control effort (u) that was collected during experiments 1 or 3 where 𝜆 

is a weighting coefficient that minimizes the control effort in real application. For example, if 𝜆 = 0, 

the design criterion consists solely of the error part and the controller can be tuned to provide a very 

large output in order to minimize the error; this is undesirable in a real application. Therefore, [161] 

used this weighting coefficient to find a trade-off point where the error is minimized and the control 

effort is acceptable.  
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 (6.1) 

ρ is a vector of process parameters to be optimized i.e. as the PID coefficient in this study; �̃�(𝜌) is 

the error between the actual and the desired output and N is the total number of samples collected. 

The local minimum for design criterion 𝐽(𝜌) can be found by finding the solution to (6.2). 
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   (6.2) 

The key to the iterative feedback tuning method is the iterative computation of  
𝜕𝐽(𝜌)

𝜕𝜌
 from the 

results of the experiment. In each iteration there are three experiments, each of duration N, for 

example, with the fixed controller 𝐶(𝜌𝑖) operating on the actual plant. The corresponding reference 

inputs are: 

   
1

ir r ; 
2 1

i ir y ; 
3

ir r .   (6.3) 

The corresponding outputs can be expressed by 

1 1

0 0( ) ( )i i i iy T r S v    (6.4) 

2 2 1 2

0 0 0 0( ) ( ) ( ) ( )i i i i i i iy T r T S v S v       (6.5) 

3 3

0 0( ) ( )i i i iy T r S v    (6.6) 

where 𝑇𝑜(𝜌) and 𝑆𝑜(𝜌) denotes the achieved closed loop response and the sensitivity function; 

𝑦𝑖
𝑗
 and 𝑣𝑖

𝑗
 denotes the outputs and disturbance acting on the system at iteration i and experiment j. 
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The reason for repeating iteration 1 in the third iteration is to eliminate the correspondence between 

𝑦𝑖
1 and 𝑦𝑖

2. 

6.2.1.4. Criterion Minimization 

 A gradient descent method is used to compute the controller parameter vector for the next 

iteration. The general equation for the ith iteration is shown in (6.7), where γi is a positive scalar step 

size and Ri is some positive definite matrix indicating the downhill search direction such as the 

identity matrix.  
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 (6.7) 

However the use of the identity matrix may lead to slow convergence. A more common 

approach is to use a Gauss-Newton approximation of the Hessian [117, 118]: 
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where  
𝜕�̃�(𝜌𝑖)

𝜕𝜌
 is a K by 1 sized matrix of the partial derivative of the output signal for the ith iteration 

with respect to the K number of controller parameters.  

 From the detail explanation in [117], 
𝜕�̃�(𝜌𝑖)

𝜕𝜌
 can be approximated to a perturbed version 
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 (6.9) 

where 𝑦𝑖
2 and 𝑦𝑖

3 represent the output of the second and third experiment, respectively. With a known 

controller 𝐶(𝜌𝑖) = {𝐶𝑟(𝜌𝑖), 𝐶𝑦(𝜌𝑖)}, results signals 𝑦𝑖
1, 𝑦𝑖

2, 𝑦𝑖
3 from (6.4), (6.5), (6.6) and computed  

𝜕�̃�(𝜌𝑖)

𝜕𝜌
, �̃�(𝜌𝑖), 

𝜕𝑢(𝜌𝑖)

𝜕𝜌
, 𝑢(𝜌𝑖) from (6.9), experimental results and corresponding expressions for the 

input signal, 𝜌𝑖+1 can finally be updated from (6.7). The procedure for a standard IFT algorithm is 

shown in Figure 6.2. 
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                  Figure 6.2.  Iterative feedback tuning algorithm process diagram 

 

6.2.1.5. Stability Analysis 

Consider aforementioned minimization algorithm with 𝑅𝑖 ≥ 𝛿𝐼∀𝑖, for 𝛿 > 0. As no filter is 

employed here the convergence is an unconstrained minimization problem, i.e. 𝜌 ∈ 𝐼𝑅𝑑 for some 

integer d. {𝛾𝑖} has to follow usual conditions to satisfy the convergence criterion: 
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1 1

,i i
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 (6.10) 

Let the reference signal {𝑟} and the disturbances in each experiment {𝑣𝑖
𝑗
} be realizations of 

bounded stationary stochastic processes where these processes are mutually independent. Provided 

that the signals {𝑦𝑖
𝑗
}; 𝑗 = 1,2,3; 𝑖 = 1,2, … stay bounded,  
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   : 0i J   
         w.p.l. (6.11) 

Proof: This theorem follows Theorem 1 p.77 in [162] by the use of 𝑓(𝑥) =
1

2
𝐸[�̃�2(𝑥)] +

𝜆

2
𝐸[𝑢2(𝑥)]. 

6.2.2. Repetitive Controller  

Many signals in the engineering field are periodic, such as most of the signals associated with 

engines, electrical motors and generators, converters, or the reciprocating actuator for a valveless 

pump. The RC was invented by Hara et al. in 1988 [120] and is able to track periodic reference signals 

as well as rejecting periodic disturbance [163, 164]. The control scheme is achieved by implementing 

a model that generates the periodic signal with the same period as that of the reference into the closed 

loop. This differs from the PID controller, where the exact transfer function of the plant and precise 

tuning are required, the RC is regarded as a simple learning controller as the control input is calculated 

with the information from the error and it is able to reduce that error as the number of operating cycle 

increases. More importantly, Chen and Chiu claimed that the RC is able to follow references with 

varying periods of disturbance in a nonlinear system [163], which is similar to IPMC deflection 

control. 

6.2.2.1. Repetitive Design and Analysis 

Apart from the normal feedback closed loop, the key feature of the RC is a signal generator, 

the main purpose of which is to provide an infinite amount of gain at the fundamental and harmonic 

frequencies of the reference signal, as shown in the red dash box in Figure 6.3. Input R(z) is a periodic 

reference signal with period Tp. The pure delay z-N within the positive feedback loop generates a signal 

generator, where 𝑁 = 𝑇𝑝 𝑇𝑠⁄  and 𝑇𝑠  is the system sampling period. Q(z) is a low-pass filter 

eliminating high frequency noise for stability. 𝑃(𝑧) = 𝑧𝑚, where m is a nonnegative integer, is a 

positive phase lead term to generate 𝑚𝑇𝑠 phase lead and compensate for the phase delay caused by 

Q(z).  
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Figure 6.3.  Block diagram of repetitive control system where the reference and output trajectories 

are R(z) and Y(z), respectively. The pure delay is denoted by z-N, Q(z) is a low-pass filter and P(z) is 

a linear phase lead to enhance the performance. Duplicated from [128] 

 

To create a signal generator with period 𝑇𝑝, the repetitive controller in the inner loop contains 

the pure delay 𝑧−𝑁, where the positive integer 𝑁 = 𝑇𝑝/𝑇𝑠 is the number of points per period 𝑇𝑝; and 

𝑇𝑠 is the sampling time. An analysis of the performance of the closed-loop system is presented below, 

where the following assumptions are considered. 

ASSUMPTION 1   The reference trajectory R(z) is periodic and has period 𝑇𝑝,. 

ASSUMPTION 2  The closed-loop system without the RC loop is asymptotically stable, i.e., 

1 + 𝐺𝑐(𝑧)𝐺𝑝(𝑧) = 0 has no roots outside of the unit circle in the z-plane.  

 Remark 1  Assumptions 1 and 2 are easily met for the IPMC actuator in valveless pumps. For 

example, during pumping operations, the actuator movements are reciprocal and periodic. Also many 

previous researches have demonstrated that with a feedback loop the IPMC can be tuned to be stable. 

From the block diagram, the transfer function of the RC (red dash box) is given by 

( )

( )

( ) ( ) ( ) ( )

( ) 1 ( ) ( ) 1 ( )

N N m

N N m

A z Q z P z z Q z z

E z Q z P z z Q z z

  

  
 

 

 (6.12) 

If the phase lead term P(z) compensates perfectly for the phase delay produced by the low-pass filter 

Q(z), the poles of RC are 1 − 𝑧−𝑁 = 0. Therefore, it provides infinite gain at the harmonics of the 

periodic reference trajectory, which is undesired at high frequencies and leads to instability of the 

closed loop system. In applications, RC normally incorporate a low-pass filter, which is Q(z) 

mentioned above, to address the stability and robustness issues [128].  



87 

 

6.2.2.2. Stability of RC System 

Let 𝐻(𝑧) = 𝑄(𝑧)𝑧−𝑁+𝑚 and 𝐺0(𝑧) = 𝑘𝑟𝑐𝐺(𝑧), where 𝑘𝑟𝑐 is the RC gain. It is assumed that 

the reference trajectory R(z) is a periodic signal and thus has a discrete frequency spectrum. The 

transfer function relating the reference trajectory R(z) and the tracking error E(z) is  
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 (6.13) 

The  rcS z  shown above is referred to as the sensitivity function of the closed-loop RC system.  

The stability conditions for the RC system can be determined by simplifying the block 

diagram in Figure 6.3 to the equivalent interconnected system shown in Figure 6.4 for stability 

analysis.  

 

 

Figure 6.4.  Equivalent block diagram of the RC 

 

ASSUMPTION 3    1 H z  is bounded input-bounded output stable.  

By Assumption 2, the sensitivity function without RC has no poles outside the unit circle in 

the z-plane, so it is stable. Likewise by Assumption 3,  1 H z  is stable. Replacing 𝑧 = 𝑒𝑗𝜔𝑇𝑠, and 

since 1-H(z) is stable, according to the small gain theorem in [165] the positive feedback system in 

the figure is asymptotically stable when  

        01 1 1S Sj T j T

rcH z G z H e k G e
     

 

 (6.14) 

for all 𝜔𝜖(0, 𝜋 𝑇𝑠⁄ ). Supposing that the magnitude of the low-pass filter ( )Q z  approaches unity at 

low frequencies and zero at high frequencies, then 𝑄(𝑒𝑗𝜔𝑇𝑠) ≤ 1 for 𝜔𝜖(0, 𝜋 𝑇𝑠⁄ ). Therefore, the 

condition (6.14) becomes 
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 (6.15) 

and setting the transfer function of the IPMC to 𝐺(𝑒𝑗𝜔𝑇𝑠) = 𝐴(𝜔)𝑒𝑗𝜃(𝜔), where 𝐴(𝜔) > 0 and 𝜃(𝜔) 

are the magnitude and phase of 𝐺(𝑒𝑗𝜔𝑇𝑠), respectively, (6.14) is simplified to  

 
   

1 1
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rck A e
 

 
 (6.16) 

Since 𝑒𝑗𝜃 = 𝑐𝑜𝑠(𝜃) + 𝑗 sin(𝜃), (6.16) can be written as 

     2 21 2 cos 1rc rck A k A       
 (6.17) 

To hold (6.16), two conditions have to be satisfied: 
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 (6.18)  

and 
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6.2.2.3. Tracking Performance 

Aside from designing the RC for stability, it is important to also consider the degree by which 

the tracking error is reduced relative to the tracking error of the original feedback system (without an 

RC). By Assumption 1, where the reference trajectory ( )R z  is periodic, the tracking performance of 

the RC can be analysed by examining the sensitivity function of the RC system at the frequency 

multiples of the fundamental, (2 / )p pk T k    , for 1,2,3,...k   within the bandpass of the low-pass 

filter ( )Q z . 

Recalling Equation (6.13), the magnitude of the tracking error at multiples of the fundamental 

p  is given by  

( ) ( ) ( )p p pjk jk jk
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( ) ( )p pjk jk

W e R e
 

 
 (6.20) 

where ( )pjk
W e


 is the effect due to the RC. Ideally without the low-pass filter ( )Q z , 

( ) 0pjk
W e


  at the multiples of the fundamental frequency p . However, the addition of ( )Q z  for 

stability causes phase lag in the RC, which shifts the point of maximum gain of the signal generator 

created by the pure delay 
Nz

 [166, 167]. Such a shift inadvertently lowers the RC gain at the 

harmonics and thus negatively affects the tracking performance of the RC system. But most of the 

phase lag can be accounted for using the linear phase lead in the RC loop to improve the tracking 

performance [168]. Because of N m , the modified delay 
N mz 

 is causal and can be easily 

implemented on a microprocessor. Therefore, the value of the phase lead can be adjusted through m 

to minimize the factor ( )pjk
W e

  over the frequency range of the bandpass of ( )Q z . It is shown that 

such a tuning process can be performed in simulation and then implemented into the experimental 

system. 

 Admittedly, the choice of a small 𝑘𝑟𝑐 guarantees the stability of an RC closed loop system, it 

would, however, slow the convergence process. Therefore, there is a trade-off between stability and 

convergence speed. The most common method is to find a maximum 𝜔 that holds equation (6.18) 

and choose a sufficiently large 𝑘𝑟𝑐 that satisfies formula (6.19) from the bode diagram. 

6.2.3. Adaptive Controllers Results Comparison and Discussion 

Both PID with IFT and RC are employed to compare their tracking performance in IPMC 

deflection. The input reference was a ±1V, 0.1Hz sine wave. The IFT controller started from Kp=1, 

Ki=Kd=0, weight ratio 𝜆=0.01, and step size 𝛾=0.5. For simplicity, the filter in the RC was a single 

pole low pass filter, 𝑄(𝑧) = 𝑎 (𝑧 + 𝑏)⁄ , where |𝑎| + |𝑏| = 1 and the gain krc was set to 0.6. To 

protect the IPMC from high voltage damage, a ±2V saturation limit was applied to each of the 

controller outputs. 
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(a) 

 

 

(b) 

Figure 6.5.  IPMC deflection results controlled by RC (a) and IFT (b) with both input reference of 

1mm, 0.1Hz and 2V saturation 

 

Figure 6.5 illustrates the tracking performance of IFT and RC in the IPMC free deflection test. 

Generally, both were able to track the input reference very well after 20,000 sampling points (200 s) 

but a clear difference can be observed in the control effort and reference input. In the IFT, the 

controller out signal (green) was quite noisy when compared to the noise level in the RC. Although 

it is possible to decrease the step size to reduce the oscillation, this would, in turn, slow down the 
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tuning process and thus cause the convergence to be much slower. A further comparison in Figure 

6.6 (a) and (b) shows the control effort and error, which denotes the quadratic sum of the control 

output and error, respectively. In terms of error, although initially the IFT had a better performance 

than the RC in the first 9 cycles, its static error was nearly twice that of the RC (48 v.s. 26) , on the 

other hand, the control effort of the RC was found to be lower than that of the IFT after the 12th cycle 

due to less oscillation. Another phenomenon that needs mentioning is that of the IFT control effort. 

Since the output of the first iteration was inputted as the reference in the second iteration and was 

generally noisy, there was a peak in every three cycles of control effort, for example, in the 11th, 14th, 

17th cycles etc. 

 

 

(a) 

 

 (b) 

Figure 6.6.  Control effort (a) and error (b) of RC and IFT in the first 49 cycles 
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Table 6.1 summarized the estimated and actual memory usage of the IFT and the RC in the 

LabVIEW programs. From the table, the IFT consumed 3 times more memory than the RC, which 

was mainly because the IFT had numerous matrix calculations, including multiplication and 

transposition, requiring considerable calculation resources. Therefore, in the following experiments, 

an RC will be used as the control scheme for IPMC as an actuator in the valveless pump due to its 

better tracking performance and simplicity. 

 

Table 6.1.  Memory Consumption of the RC and IFT Program in LabVIEW 

 Estimated Memory Usage (k Bytes)1 
Actual Memory Usage 

(k Bytes)2  
Front Panel 

Objects 

Block Diagram 

Objects 
Code Data Total 

RC 57.8 204.3 31.5 18478.5 18772.1 18933.9 

IFT 87.6 278.9 51.3 73010.3 73428.2 75679.74 

 

1 Memory usage from “VI Properties” 

2 Memory usage from “Profile Performance and Usage” 

 

6.2.4. RC Characterization 

        Two experiments were undertaken on the free-standing IPMC to test its controlled performance 

over a long-period of time and also various references. First, the IPMC was controlled by RC starting 

from the same control parameters as those described in the previous chapter and run for 160 min and 

the control effort and error were plotted in Figure 7.5. It can be seen that the RC is able to track the 

input and keep the error in a relatively low range (<150) for at least 120 minutes, albeit growing 

control effort was required after 20 minutes. After 120 minutes, the error increased dramatically, as 

well as did the control effort because of the dehydration of IPMC where much more voltage input 

was required.  

        During the first 30 minutes, an interesting U-shape trend could be seen in the control effort 

results, where a minimum control output point occurred at 15 minutes. This observation corresponded 

to the conclusion drawn in [64] as the IPMC generated the largest deflection under the same excitation 

after being taken out of the deionized water for 15minutes when the water content was 10%.  The 

reason for this phenomenon is the balance between the anode deformation (increases with water 

content) and relaxation deformation (decreases with water content), which is outside the interest area 

of this research. A detailed explanation and performance description of other material-based IPMCs 

can be found in [64].  
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Figure 6.7.  Long time period (160minutes) control effort and error of a deflecting IPMC controlled 

by a RC 

 

 In the second experiment, eight different sine wave signals were used as the reference input, 

i.e. different amplitudes at 0.1Hz and different frequencies for constant 2mm deflection. Each case 

was run for 15minutes to achieve the best performance.  

Figure 6.7 plotted the input reference (red), deflection results (blue), and control effort (green) where 

all the results maintained a good match with the inputs, with the exception of 0.5Hz, 2V input (Figure 

6.8(h)). This is explained in the bode diagram in Chapter 5 as the magnitude exponential decreases 

with frequency, which at 0.5Hz, is 10dB lower than that at 0.1Hz. Therefore, even the green line in 

Figure 6.8 (h) reached its limit; the result still could not follow the input trajectory.  
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(c)     (d) 

 

(e)     (f) 

 

 (g)     (h) 

Figure 6.8.  IPMC tracking performance controlled by an RC with reference: (a) 0.5mm-0.1Hz; (b) 

1mm-0.1Hz; (c) 3mm-0.1Hz; (d) 4mm-0.1Hz; (e) 2mm-0.05Hz; (f) 2mm-0.1Hz; (g) 2mm-0.2Hz; (h) 

2mm-0.5Hz 

 

 Table 6.2 summarizes the quantized tracking performance of these eight experiments in terms 

of maximum error and root-mean-square error. At 0.1Hz, both emax and eRMS decrease with amplitude 

and reach 5.6% and 2.3%, respectively, at 4mm. Since the noise from the laser sensor plays a main 

role in the error, the application a larger input amplitude would reduce a portion of the noise and thus 

achieve better results. For an input amplitude of 2mm, the main issue is whether, or not, there is 

enough input voltage to drive the IPMC. Since there is a saturation limit for considerations of safety, 

at the lower three frequencies (0.05Hz, 0.1Hz, and 0.2Hz) the control effort increases with frequency 

but does not reach the limit and thus all of them exhibit good tracking performance with emax and eRMS 

of 15.4% and 5.1%, respectively, at 0.2Hz. For 0.5Hz, the output is unable to track the reference as 
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the IPMC experiences a large amount of damping at this point, as shown in the bode diagram in 

Chapter 5 and thus requires a large control output which is limited by the saturation limit and resulted 

in a large variance. It has to be noted that this variance cannot be addressed by any control scheme as 

the control output had already reached its limits. Therefore, from these results, the RC is able to 

control the IPMC’s tracking various input references for most of the conditions with the exception of 

0.5Hz where the IPMC has a low magnitude response and the voltage saturation prevents the control 

effort from rising any higher. 

Table 6.2.  Tracking performance of the RC 

 
0.1Hz 2mm 

0.5 mm 1 mm 3mm 4mm 0.05 Hz 0.1 Hz 0.2 Hz 0.5 Hz 

emax (%) 31.1 15.7 8.2 5.6 12.3 12.4 15.4 53.9 

eRMS(%) 10 5 2.7 2.3 3.9 4.4 5.1 32.5 

 

6.3. Pumps for Drug Delivery 

In the previous chapters, several important techniques relating to the pumping capability and 

reliability of valveless pumps have been investigated. In Chapters 3 and 4, the fluidic dynamic 

properties of the fluid flowing through different diffuser/nozzle dimensions were studied and a novel 

re-entrance structure at the nozzle side was proposed for improving the efficiency in both the 

numerical and experimental means; in Chapter 5, a contactless displacement sensor aimed at compact 

IPMC sensing was proposed and it was concluded that in the application scenario of this thesis it has 

comparable properties in terms of resolution and linearity as the laser gauge. Also the two adaptive 

controllers, PID with IFT and repetitive controller, were investigated early in this chapter and the 

repetitive controller was found to achieve less error and less control effort and thus be more suitable 

for IPMC manipulation. Since the individual knowledge gaps relating to fluidic dynamics, control 

methods and compact sensors have been filled, and the theoretical fundamentals for building the 

IPMC driven compact valveless pump have been provided, this chapter will then address the design 

and manufacturing of a novel double-chamber valveless pump driven by IPMC and aimed at drug 

delivery.  

6.3.1. The IPMC Actuated Valveless Pump Design 

Figure 6.9(a) illustrates the structure of the double-chamber valveless pump used in this study. 

The IPMC deflects the pump’s diaphragm that is made from polydimethylsiloxane (PDMS). The 

pump includes a pair of coil inductive sensors made from a 2-layer print circuit board (PCB, green), 



96 

 

two 3D printed chamber parts (yellow) and a pair of PCB electrodes (red). Due to the constraints of 

resolution and cost, the diffuser/nozzle elements (green parts) were separately printed with stereo-

lithography (SLA) the resolution of which is 50 microns while the pump chambers were printed by 

the fused deposition method (FDM) with a layer thickness is 0.178mm. As per our previous 

simulation work [16, 169], the dimensions of the diffuser/nozzle implemented here are a 5° half angle, 

10mm length, 0.5mm throat diameter and thickness of 0.5mm, a 3mm long extrude wall was added 

to the nozzle side to increase the entrance pressure loss in this direction, as shown in Figure 6.9(b). 

Unlike the clamp type electrodes mentioned in [43, 46, 128], here the IPMC is sandwiched by two 

PCB electrodes, as shown in Figure 6.9(c); this method of construction largely enables the  reduction 

of space cost and is easily incorporated into standard connectors such as a 5mm pin head. The IPMC’s 

dimensions are 35mm15mm1.4mm and are gold coated on both sides; they were purchased from 

Environmental Robots Incorporated. As the application is for an incompressible flow, the 

performance depends only on dimensionless factors [145] and thus can be applied to any scale.  

 

 

 

 

 

 

(a) 
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 (b)      (c) 

Figure 6.9.  Illustration of the pump’s structure (a), diffuser dimensions in mm (b) and IPMC with 

PCB electrodes (c). 

 

There are three reasons to account for the double-chamber configuration rather than the, 

usually reported, single chamber. First of all, parallel configured double chambers had been reported 

to achieve more than twice the pumping capability of the single chamber valveless pump [29]. Also 

from Figure 5.4, the coil sensor exhibited clear nonlinearity as the resolution decreases with the 

distance to target thus; the presence of an inductive sensor pair solves this problem perfectly. Last but 

not least, in the single chamber experiment, the IPMC tended to bend away from the diaphragm after 

several cycles of operation and finally became detached from it, which made the configuration of two 

chambers essential so as to “clamp” the IPMC within its original central position. 

The coil approximate inductive sensor, as mentioned in Chapter 5, measures distance based 

on the changes in the equivalent resistance and/or inductance. When an AC current flowing through 

a coil generates an AC magnetic field, the magnetic field has its own frequency-depended equivalent 

resistance (Rs) and inductance (Ls). If a conductive material, e.g. a metal plate, is brought into the 

vicinity of the coil, this magnetic field will induce circulating (eddying) current, which is a function 

of the distance, size and composition of the target and generates its own magnetic field, on the surface 

of the target. In return, this eddying magnetic field will oppose the original field by changing the 

equivalent resistance and inductance. Therefore these changes can be regarded as distance-dependent 

as long as the other parameters (target material, dimension and AC driving voltage) are identified.  
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Table 6.3.  Parameters of the coil inductive sensor employed 

Out 

Diameter 

(mm) 

Inner 

Diameter 

(mm) 

Turns 

Free Field 

Frequency 

(kHz) 

Free Field 

Inductance 

(µH) 

Parallel 

Capacitanc

e (pF) 

3.61 2 85 100 376.39 67.29 

 

 The interface between the sensing coil and computer is a LDC1000 inductance-to-digital 

converter from Texas Instruments. The circuit measures the equivalent resistance and inductance by 

monitoring the energy consumption of the resonance circuit and counting the oscillation frequency 

of the resonance circuit, respectively, (a parallel capacitor is usually added to the sensor coil to create 

a resonator). Generally, inductive sensors show a better performance in detecting a lower resistivity 

and a permeability target. Therefore, a copper conductive tape, with resistivity of   1.710-8 Ω•m and 

penetration depth is 66 µm at 1MHz, was attached at the tip of IPMC as the target. The WEBENCH® 

software provided by Texas Instruments was used for the coil design; the parameters of the designed 

PCB inductive sensor are summarized in Table 6.3. Its contactless sensing principle makes it even 

more desirable for portable and compact devices. 

6.4. Experimental Validation of Valveless Pump Performance 

6.4.1. Experimental Configuration 

 Figure 6.10 illustrates the experimental setup of the pumping performance of the double-

chamber valveless pump controlled by an RC. The tubes were 2.4mm in diameter and the fittings 

were \ instant connection/disconnection hydraulic fittings from the Parker LIQUIFIT® range. The 

IPMC was driven by an operational amplifier, as mentioned in [106]. A myRIO-9100 from National 

Instrument was employed as the data acquisition and control interface between the experiment and 

the LabVIEW programs on the computer, where the sampling frequency was 100Hz and both 

controllers were running at 10Hz. Before every single test, the IPMC was submerged in deionized 

water for at least 12 hours. Unless specifically explained, all the following experiments were 

conducted after the surface water on the IPMC was wiped off and it was left to dry off for 15min. A 

Banner laser gauge LG10A65PU with a 3-µm resolution was used as a standard distance sensor in 

the inductive sensor calibration and controller performance tests. In the overall pumping experiment, 

two inductive sensors, as mentioned in Table 6.3, were glued to the back of each chamber and both 

readings were weighted averaged where the weightings were related to the distance between target 
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and sensor since the resolution and linearity of the inductive sensor were not identical over different 

distances. 

 

 

Figure 6.10.  Experimental setup for inductive sensor calibration, controlling IPMC (IFT and RC), 

and double-chamber pumping performance test 

 

 

6.4.2. Pumping Performance Test 

Finally, the double-chamber pumping system was set up for a pumping performance test with 

IPMC and inductive sensors, as shown in Figure 6.10. Figure 6.11 demonstrates the relationship 

between the average IPMC deflection and the pumping rate calculated where the diffuser efficiency 

was calculated based on the height change difference, as shown in Figure 6.10. When the deflection 

was less than 1mm, the height and change difference was too small to be observed and is therefore 

not plotted in this figure. The maximum deflection observed was 1.7mm where the IPMC was unable 

to track it after 2minutes; this was due to the quick dehydration caused by the high voltage control 

effort. Inducing a smaller deflection allowed the IPMC to operate for a longer time, such as, for 1mm, 

the time was 3min10s. From the results, pumping capability generally the increased with IPMC 

deflection, however, the withstand time decreased with it. A maximum performance of 766µL/min 

was achieved when the IPMC was deflected to 1.7mm and this flow rate has been proven to be 

sufficient for biomedical applications [6, 17].  
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Figure 6.11.  Volume pumping rate and withstand time of IPMC versus measured deflections in the 

double-chamber valveless pump experiment 

 

6.5. Summary of Adaptive Controller Selection and a Compact IPMC 

Actuated Valveless Pump Design for Drug Delivery 

This chapter firstly compared two adaptive controllers that had been reported to be capable of 

manipulating precise IPMC deflection. Both were employed in LabVIEW to control the free bending 

of an IPMC in tracking a sinusoid reference. From the experiments for tracking error and control 

effort, the RC was found to achieve half the static error, 1/3 of the control effort, and 75% less 

computational resource than the IFT and thus be used to address the nonlinear, time-variant properties 

of the IPMC actuator for valveless pump. 

Then an IPMC driven double-chamber valveless pump has been designed and implemented 

in this chapter. Thus far, to our knowledge, this is the first double-chamber IPMC driven valveless 

pump to have been reported. IPMC features non-toxic, low-voltage, and biocompatibility and is thus 

a proven candidate for biomedical devices such as drug delivery systems.  

 The body section of the pump was printed using FDM and SLA to achieve a high resolution 

in the diffuser’s/nozzle dimensions at an acceptable cost. Coil inductive proximity sensors made from 

PCB were employed as the distance sensor to address the nonlinearity and time-variance properties 

of the IPMC.  

 The double-chamber configuration was adopted for three reasons: 

 A coil sensor pair can compensate the nonlinear resolution problem of single sensor found in 

the characterization plot; 



101 

 

 The parallel configuration with two chambers can achieve more than twice the flow rectifying 

capability of a single chamber valveless pump [29, 33]; 

 The presence of two chambers will ensure that the IPMC always stays and returns to its initial 

position. 

 A maximum flow rate of 766µL/min, which has been proved to be sufficient for most 

biomedical applications, can be achieved when the IPMC has a 1.7mm deflection. However, due to 

the inherent dehydration and limited output force of IPMC, this pumping performance lasts only for 

2 minutes only; however, without a load it can operate for 2 hours as less voltage is required. Since 

all the measurements were conducted under 0 pressure difference in this study, the bending force, as 

well as withstanding time, are therefore the main constraints and have a predominant impact on 

pumping performance. 

 

 

 

Equation Chapter (Next) Section 1 

 

Equation Chapter (Next) Section 1
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Chapter 7. Conclusions and Future Work 

 With the increase in the life expectancy of humans, there has been a fast growing demand in 

high quality, high accuracy, and target-aimed therapies around the world. Controlled drug dispensing 

devices have thus attracted much attention from both academia and industry. In general, drug 

treatments are only effective if administered within a desired range. When administered at levels 

below this range, they are ineffective, whereas, when applied above the desired concentration range, 

they may be toxic. Controlled drug dispensing devices such as an insulin pump are capable of 

managing the dosing speed at a stable, desired rate and thus optimize therapeutic outcomes [170]. 

This research investigates the design and manufacture of an IPMC driven valveless pump that features 

the advantages of bio-compatibility, low-power, high efficiency and the potential to be scaled down 

to micro scale. This chapter summarizes all the research that has been undertaken with respect to the 

objectives and scope outlined in Chapter 1. The major outcomes of this study and its significant 

findings that will advance scientific, biomedical progress are also reported here. To conclude the 

thesis, the major conclusions drawn in this study, as well as the recommendations for future work 

that may potentially extend the work presented herein, are detailed at the end of the chapter. 

7.1. Research Outcomes 

 The main outcome of this research was to develop and build an IPMC driven valveless pump 

for biomedical application. To reach this goal, a number of fundamental tasks were completed and 

provided in the following subsections, as well as their contribution to scientific progress.  

7.1.1. A Comprehensive Study of Diffuser/Nozzle Dimensions 

 The performance of a valveless pump is dependent on several factors, of which the most 

decisive one is flow rectifying capability, that is to say, the pressure loss difference relating to 

diffuser/nozzle elements. However, no identical conclusions relating to the optimum dimensions for 

a diffuser/nozzle element have been presented in previous studies, some of which were even 

controversial. Therefore, to better understand the performance of the diffuser/nozzle and to provide a 

guideline for future work, a comprehensive investigation on the dimension of element was first 
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conducted numerically in ANSYS CFX to find the optimum performance in terms of the length, half 

angle and shape of the diffuser/nozzle pair.  

 From the results of the simulation, it was found out that, under the same circumstances, the 

conical diffuser has a better flow directing capability than that of the planar one. It has to be mentioned 

that, although the planar diffuser has a higher pressure loss in either direction, the efficiency, that is 

to say, the ratio, of these two pressure differences is lower. Within the inspected Re range (< 100), 

the optimum half angle decreases with Re for both conical and planar diffuser/nozzle elements; 

however, the optimum length does not follow this rule where a longer diffuser always produces larger 

pressure loss difference. For the conical diffuser, when Re < 28 the maximum η occurs at θ = 20°, 

which means that the optimum half angle is 20°; and this decreases to 15° when the Re increases to 

between 28 and 42; the optimum half angle was found to be 10° and 5° when Re was between 42 and 

72 and between 72 and 100, respectively. For the planar diffuser, a similar trend can be observed as 

the optimum half angle decreased from 30° to 10° when Re increased from 10 to 100. 

 From the pump experiments carried out to verify numerical findings where it was assembled 

with changeable 3D printed diffuser/nozzle layers, the results showed good match although lower 

flow rectifying efficiency was observed due to the friction along the hydraulic tubes and connectors 

that averaged the efficiency downwards to 1. The trends from this study combined with the 

conclusions from previous reports can be used as a guideline in future valveless pump design.  

7.1.2. An Efficiency Improved Diffuser/Nozzle Structure 

 In addition to the classical diffuser/nozzle structure discussed in Chapter 3, new structures 

have also been investigated in order to enhance diffuser efficiency, as well as the pumping 

performance of the overall pump. Inspired by the re-entrance structure, which is able to largely 

increase the pressure loss, we proposed a new diffuser/nozzle structure with a lip at the nozzle end to 

improve nozzle pressure loss.  

 Through analytical analysis it was found that the re-entrance structure improved the nozzle 

side pressure loss more than that of the diffuser side and thus increased the overall efficiency. 

Numerical simulation to investigate various lip dimensions in terms of length and thickness showed 

that this pressure loss was mainly due to the vortex induced by re-entrance structure and that an 

optimum lip length exists, while thickness seems to have no impact on the performance improvement. 

The results of the experiment validated that the new structure can increase the maximum efficiency 

from 1.36 to 1.65 when the lip length is 8mm, the half angle is 5° and the small and large diameters 

are 1 mm and 2 mm, respectively; this may vary if the diffuser/nozzle dimensions are changed. 
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7.1.3. Compact Inductive Sensor for IPMC Displacement Measurement   

 To compensate for the inherent nonlinear and time-variant properties of IPMC, an accurate, 

compact, displacement sensor is needed for drug delivery devices. In previous studies, contact and 

contactless sensors such as the laser gauge, strain gauge, and image sensor have been reported; 

however, none of them can be employed here; this is due, either to their bulky size, or the extra 

rigidity that they bring. An inductive proximity sensor was chosen here, due to its contactless sensing 

principle and close sensing range. Four different PCB inductive coil sensors were used to measure 

the free bending of IPMC with a conductive copper tape on the end as the target. It was found that 

the inductive sensor with higher Q factor will not necessarily have better resolution because the 

sensing distance and target size may vary. The performance of the inductive sensor was compared 

with that of a laser gauge. The results show a good match between them, which meant that the 

inductive sensor had a comparable performance in this sensing range (10mm) as a laser gauge. When 

used in the feedback loop of a PID controller, the inductive sensor demonstrated the good tracking 

capability of the IPMC with sinusoid excitations.  

7.1.4. An IPMC Driven Double-Chamber Valveless Pump with Adaptive 

Controller 

 After the fluid characteristics of valveless pump and contactless sensor had been understood, 

a double-chamber valveless pump prototype was designed and manufactured. Two adaptive 

controllers, a PID with IFT and a repetitive controller were implemented and compared. From the 

test results, the repetitive controller exhibited a better performance, in terms of less tracking error, 

less control effort, and less computational resource than the IFT and was thus selected as the control 

scheme for the prototype.  

 The repetitive controller was used to control a free bending IPMC to test its life time and was 

successful in operating accurately for more than 120 minutes. A similar performance was found and 

this matched well with the findings in previous research [64]. 

 This pump with IPMC and controlled with RC was found to have a maximum pumping rate 

of 766µL/min, which is considered sufficient for most biomedical applications. 

7.2. Research Contributions 

 Fundamental scientific research and the application of a drug dispensing pump has been 

demonstrated through the analytical, numerical and experimental investigations presented in this 

thesis. The underlying theory and principles are the major focus of this research and have extended 



105 

 

the latest, most effective knowledge in both the scientific and applicational range. The contributions 

of this thesis are summarized as follows: 

1. Comprehensive understanding of the characteristics of diffuser/nozzle flow at low Re range, 

which fills the gaps between previous studies and provides a simple, reliable, and universal 

design criterion for future valveless pumps. 

2. Novel diffuser/nozzle element with re-entrance structure at the nozzle side. This is a low cost 

efficiency enhancement that can be implemented in almost every classical diffuser/nozzle 

element. 

3. Inductive proximity sensing method for IPMC deflection measurement which features the 

following advantages: 

 Manufactured according to industrial standards 

 Contactless 

 High resolution 

 Compact  

4. This thesis has reported the first double-chamber valveless pump driven by IPMC. The pump 

has the advantages of being scalable, bio-compatible, and of high efficiency with a pumping 

volume that meets the most of up-to-date drug dispensing requirements and thus is a proven 

candidate for future biomedical applications. 

7.3. Proposed Future Work 

 In this thesis much progress has been achieved to promote the successful advancement of an 

IPMC driven drug dispensing device. In addition a prototype of the drug dispensing device has been 

built that has been shown to work well in real applications. To further extend the work presented in 

this thesis, the following recommendations are suggested. 

 One of the most important factors for performance enhancement is the force output and 

operating time of IPMC or other actuators with similar properties. Further studies should be 

undertaken to find the most efficient method for transferring electrical voltage to the tip output force. 

In addition further research attention should also focus on prolonging the working life of IPMC, for 

example; the use of; an alternative solvent, base material, multi IPMC stack, coating metal and so on. 

Further study in the two research areas indicated would benefit each other and are the major 

constraints of the pumping performance reported in this study. 

 Flow rectifying methods that have higher efficiency than the diffuser/nozzle pair but which 

consume less space and are fully scalable can also be considered as the substitution. Also due to the 
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inherent principle, flow is reciprocally pumped out of valveless pumps and this is not ideal in some 

medical and chemical applications because the reacted solvent may flow back and contaminate the 

input reservoir. A one-way pumping method with higher, or even similar, efficiency would be more 

widely suitable for biomedical applications.   

 To build a successful drug dispensing device, all control and sensing functions should be 

implemented on an embedded system rather than with the use of a computer as used in this study. 

Although, in this study, a suitable control scheme has been proposed based on the smallest amount 

of computational resource, there is still a long way to go to integrate all the functions on a single 

board. An integrated system not only saves the space that is crucial for portable devices, but also 

largely reduces the energy cost that allows the device to run for a longer time and benefits the patient 

treatment. Other nonlinearly driven mechanisms aiming for biomedical application can also be 

developed with the robust control and sensing scheme proposed in this study. 

 Last, but not least, further work needing to be undertaken is the optimization of the mechanical 

structure of valveless pumps in terms of manufacturing, assembling and integration. With the 

complete integrated system developed, full characterization and quality assessment must be 

undertaken to guarantee the performance of valveless pumps before commercial deployment.  
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