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Abstract

In recent decadesjdmedicalpumps, the ‘heart' of a hydraulic clinical device, continue to
attract an increasing amount of attention agitmaand for 'higfquality’ medical treatment growi
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 naunaar

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

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

features accuracy, compactness, and efficiency.

Among the manyactors in pump design, the actuator and the fieetifying element are the
two most important issues to be considered. A biocompatible and scalable IPMC (ionic polymer
metd 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 wewefeprevious 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, bridgbd gaps and finally develop a prototype for the IPMC driven diffuser/nozzle

valveless pump.

In the first parof this researcha numerical simulationfovarious diffuser/nozzldimensions
in terms of half angle, area ratiwas studiedto find themostefficient 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 redying 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 reentrance at the nozzle end was also proposed foreeffiz enhancement. The-re
entrance structure brings about extra pressure loss in nozzle direction and thus increases the pressur
loss difference between two directions and the flow directing capability of the whole pump. The
dimensionless flow charactstics of diffuser/nozzle element, the conclusions and novel structure
proposed here can be employed as a guideline for valveless pump desfgrtterdapplied in a

broader dimension range.



Considering the desire for compactness of biomedical pumpgtactical integrated
displacement sensor needs to be developed as a substitute for sensors that are currently popular, suc
as the laser and strain gaubat which are either bulky or force constraint, to serve as the feedback
in the closed loop controle A PCB (print circuit board) coil sensor was selected due to its
contactless and compact sensing mechanism and exhibited a performance that was comparative tc
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
nonlinearityof coil sensorThe IPMC actuator was precisely manipathby 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. Thisgumghe
aut hor s6 k n o WwME drigea doubtedhaanbef valvetess pungeveloped to datand
has validated that the entire pums hanaximum pumping rate @66L/min which is sufficient for

most biomedical applications.

By successfully developing the valveless pump prototype sa#tiable 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 ContnuousDrug DispensingMethods

The field of biomedical instrumentation has always babsolutelyessential for clinical
applications, and in theasttwo decades researcltarthis area has been growing at a much faster
rate than everbefore.This acceleration has mainly beendu®@ t he i ncreasi-ng d
gual i tydé mebdasbeanppot et e ata&wd by the advenutalaft yd
means, among other things, prevention rather than just care; accuracy and repeatability of intervention;

and the | owest possiblellintrusion into the pa

Micromechatronics or microelectromechanical systems (MEMS) have the potential to provide
technical solutions and address most ofgheviously mentioneabjectives. In fact, MEMS allow
for device miniaturization and, at the same time, for better perfagndower cost and higher
reliability. On the other hand, material compatibility, el@athazad, energy efficiency, and device
stability are among the very demanding obstacles that the biological environment poses and that must

be solved befor®MEMS can be systematically applied to this fidf.

In general, drug eifiency can be affectezbnsiderablyy the rangsof concentration, above
which a drug may béoxic, and below which there is no therapeutic beré&iit Continuous drug
delivery, such aprovided byinsulin pumps, is one of the most promising categories in biomedical
MEMS applications. Sinca tremendous amount of data suggests tieatrnatual glycemic level
can prevent or delajyne complications of diabetes, there has been a dramatic inéreagstinuous
subcutaneous insulin infusion or insulin pump [Be The natual glycemic level requiremerior a
healthy pesoncan be simulated by the controlled infusion rataminsulin pump asindicated by
the black line plotted ifrigure 1.1, while in other infusion methods such as subcutanegestion
there is a sudden leapinfusion rateat thestart,followed by a gradual decrease which &dw the
normal requirement (ckline). This kind of leaping phenomenon is commonly seen in conventional
drug delivery methods such as oral meditation, inhaler or injectionmaydlargely affect the
therapeutic results. With the controlled drug dispensing dedoceg,curate and appgpaate amount



of drug can be released to desired targethefhuman body and therefore increase therapeutic
effectiveness and reduce side effects.

i -

>

=

cC

=

2 05

=3

E

=

E 0 I I I I 1 I 1 I I I I I
= 1 3 5 7 9 11 13 15 17 19 21 23

Clock Hours

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 fltidnsport systems such as drug dispensing or chemical
analysis. Innovations on drug dispensing focus on new techniques for precise quantity dbsing at
correct time and as close to the treatment site as possible. Both transdermal and implanted drug

dispensing devices have been investigaisthgmicrofabrication technologies.

Transdermal drug dosing is proving be analternative for oral medication or injections
which cannot be effectively delivered shown irFigurel.2. It can overcome the limitations réfey
to gastrointestinal drug degradation and the inconvenience and paingr&daintramuscular and
intravenous injectiong husfar, only transdermal delivery systems driven by passive diffusave
beenapproved for clinical use in the UA .Such methods are beneficial only for lipophilic molecules

in small dosesthereforemore intelligent and flexible devices need to be developed.



Figure 1.2. Micromachined needles for transdermal drug reldd$e.

Implantable devices are suitable for therapies requiring fimjgittion daily or weeklyAside
from largely reducing the number of injections, drug dispensing systems can actively control the
dosing speed in physical actiyif the drug level can be eiine monitored or implanteak the place
where the drug is requiredh the case othemotherapyor example In the Diabetes Control and
Complications Trial (DCCT), a dramatic reductimas demonstrateith the frequency and severity
of complications of dibetes mellitus typé in adolescents and young adults by achieving and

maintaining glucose control in the ngarmal rangg3].

7w 1120 Ll

() (b)

Figure 1.3. Continuous Glucose Monitoring and Injection Devicéh@1990s (a] 3] and inthe
2010s (b) from InsuldB]



1.3. Techniquesfor Biomedical Pumps

The actuator and flow rectifying elememi®thetwo key components in a pump. In general,
the actuator provides the energy required for filod andtheflow rectifying elements serve as the
6val ved for generating pr arsfer exampledhe hdare corsiste & . i
t wo separate Opumps 8ide ofrtheheeet.| FsonFiglresd.4, bathbides camiath r i g
a ventride, where the muscular wall serves as the actuator that ejects blooccwritilacting, an
atrium, which acts like a blood reservoir, and two valves (white parts) that close out of phase to

prevent back flow.

Right
Atrium

......
........

Figure 1.4. Structure of the human heart

From an engineering perspectiveimerous researches have reported on pump design with
different actuator and valve types. However, when it comes to compact and biomedical applications,
someof the candidates ay not be suitabléor incorporaton. For the purposes of thetudy,we first,
reviewed themost upto-datereportson biomedical pumps in terms of actuator and flow rectifying

elementsn orderto select the most suitable candidates for this application.



1.3.1. Actuator Types

In micro-scale pump applications, th@ost commonly seen actuator schemes incjude
electrostatic, piezoelectride@d zirconate titanatd?ZT), thermopneumatic, shape memory alloy
(SMA), bimetallic, electromagnetic, ionipolymermetal composite (IPMC). Among all these
actuators, polymer actuators, such as IPMC the working mechanism ofwihiol discussed later
in the next chapter, careldriven in aqueous environment wélarge deflection stroke arallow
input voltageln addition,its considerable efficiency, high energy density and other ideal properties
such as biocompatibility and repeatability make it a proven candid#ie dinug dispensing system

as shown imablel.1.

Table 1.1. Comparison othemicro-actuation mechanisms of typical micropumps
summarized and redrawfrom [6].

Energy density o
Actuator ) Efficiency  Frequency (Hz) Voltage (V) Power (mW)
m
SMA 2.57X10 0.01 <100 2-5 180630
Conductive
3.4x10° 0.6 <1,000 15 180
polymer
Electrostatic 1.8X10° 0.5 <10,000 50-200 N/A
Electro
. 4.040° <0.01 <1,000 3-14 13-7,000
magnetic
Piezoelectric 1.2X10° 0.3 <5,000 20-1,200 3-400
Bimetallic 4.040° 10* <100 16 N/A
Therme
_ 5.041.0° 0.1 <100 6-20 ~2,500
pneumatic

TheIPMC is a novel type of smart material transducer, which mémaig can work as an
actuatorunder an electrad field andasa sensogenerating electra potential when mechanically
deformed[7]. Typically an IPMC is fabricated irstrips and operates in a cantilever configuration
where the voltage is either added or measured at the electrodes as a set of cldfigpaede® A
typical driving voltage foanIPMC is less than 5While the sensing voltage is usually2lorders of

magnitude lowef8g].

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

two thinly coated conducting electrodes méaen anoble metal, such as Pt or Au. The polymer
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must be an iorexchange membrane that is permeable to cations but nosamerconsisting of a

fixed network of anions wih mobile cations.

V+
Conductive

clamped
electrodes

Bending section
used for sensing
and/or actuation

V-

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

1.3.2.Flow Rectifying Elements

An activeor passive check valve is the most commonly seeaflow rectifying element in
macroascale pumps to provide biased pressure loss. However, as the scaletothemicro range,
the check valve suffefrom several problems such, assemly difficulty and structure fatigug9],
and thus pumps with no check valve, suclthegdiffuser/nozzleflow rectifying elemenshownin
Figure 1.6, become proven alternative&lthough many other novel pumping strategies such as
pumps based on growing and collapsing bubHdl®g, electrohydrodynamic{EHD) [11],
electroosmosifl2] and flexural plate wavgsPW)[13] have also been reported, most of them are
unable to generate high flovates(of the order of several hundred pL/min to a few mL/min) which
are easily achievablesingmechanical diffuser/nozzle micropumps.additionto the advantage of
high flow rate the diffuser/nozzle valveless pump also extskat dimensionless flow directing

performance such that is totally scalaldlé-16] and not selectivef fluid type.



Table 1.2. Characteristics of reported displacement micropympamarized fronj17]

Actuation Size Flow rate
_ Reference Valve type Voltage(V) )
mechanism (mm3) (uL/min)
Stemme and _
2500 Diffuser/nozzle 20 4400
Stemmd 1§
Piezoelectric
Schabmueller e _
122.4 Diffuser/nozzle 190 1500
al.[19]
' Zengerle et .
Electrostatic 98 active 170 70
al[20]
Jeong and Yan _
n/r Diffuser/nozzle 8 14
[21, 22]
Thermopneumatic
Hwang et al. Capillary sto
J 105.3 piary siop 55 0.078
[22] valve
Guo et al[23] 15000 Diffuser/nozzle 6 700
SMA
Benard et )
n/r Passive valves 6 49
al[24]
Yamahata et al. _
n/r Diffuser/nozzle n/r 400
| [25]
Electromagnetic
Ball check
Pan et al[26] 600 n/r 1000
valve
Phase change Sim et al[27] 72.25 Passive valve 10 6.1

n/r: not reported
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(a)

Figure 1.6. Schematic of (a) conical, (b) pyramidal, and (c) planar diffuser/nozzle element

Although anumber of differat valveless micropumps employing diffuser/nozzle elements
have been discussed in the literature, includiregaforementioned actuatQisuch aspiezoelectric
[18], electromagneti¢EM) [14], and bubble micropumg28], two of the major queesconcerning
the pumpare itsinsignificantlevel of efficiency andlack of agreement on the dimensgaf the
diffuser/nozzleelements. This study wiiresent review of recently reported diffuser/nozzle reports

and focus on addressing the discrepesigetween them

1.4. ResearchMotivation

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

scalable, accurate and biccompatible.

The airrent pump technology in terms of efficiency, size, weight and scalakslinadequate
for the developnent ofdevicesthatare capable of operating together with humans to benefit their

daily lives New approaches must be taken to explore such deviceswibel actuator, superior



flow rectifying capability and accurate cooitstrategy and hence facilitate their implementation into

useful micrescale biomedical pumps.

1.5. Objectivesand Scope

The overall aim of this research is to develop a prototfg®o-compatible material driven
pump which is scalable and efficiedt.number of fundamental objectives have been identified as

necessarytheseare shown below in the pursuit of achieving sanlim.

1.5.1.1dentifying an Efficient Structure for the Valveless Pump

Although a number aftudieswvorking onthevalveless pumpave beemeportedas yetthere
has been no agreement on the optimum dimen&onthe diffuser/nozzle element for flow
rectification[15, 16, 29-35]. The dffuser/nozzle pair serves as the main flow rectifyghgmentin a
valveless pump anis efficiency hasconsiderablempact on overall pump performance. In this
research, numerical simulation on variouudier/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, te Reynolds number range investigated herein will be below 100 where no turbulent flow
has beemgenerated.

Apart fromthe investigation foa classical diffuser/nozzle elememtnew structure will also
be proposed to improve diffuser efficienatyacompaativey low cost anda simple manufacturing

process.

1.5.2. Exploration of a Compact, Contactless Sensor for IPMC

In previous studies, the deflection of IPMC was reportdtat@beenmeasured by a number
of sensors, such #selaser gauge, image sensor, and strain gauge. Since the IPMC is a nonlinear and
time-variant actuatorin orderto manipulate its deflectioaccurately such deflection sensors are
necessary for every close loop controller. However, for a practical bicahedimp such asninsulin
pump, none othe abovementioned sensoieappropriate due to their inherent sensing principle.
A contactless and compact displacement sensedsto be developed. This study wilhdertake
research on the inductive proximggnsor made wita PCB coil, which is industrial standard and
easyto mass produe. Its characteristics will be examined in terms of resolution and linearity

practical improvemestwill also be discussed and implemented.



1.5.3.Design and Manufacture of a Valvdess 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 resafitprevious studies, adaptive
controllers, such aslP with IFT and repetitive controller arevithout doubt superior to other types

of controller and thus will be employed in this study. Bothhefse two adaptive controllensll be
implemented and comparedorderto determine a suitable controller toe final pump device bad

on the selection crite&a for tracking accuracy, control effort, and computational resources. It is
anticipated that the prototyped pumypll have a pumping capability that meets mast the
requirements of the biomedical amatiions by achieving that goal, the feasibility of integratihg

IPMC, inductive sensor and adaptive controller will be validated

1.6. ThesisSynopsis

This thesis describes in detail the research work which has been carried out in order to
successfully adbve the prescribed objectives. The fundamental scientific researchitsand
corresponding contributions will be clearly explained throughout the releraof the thesis. The
thesis follows the same logical progression in which the actual researclvasxérried outa brief
synopsidollows.

A thoroughreview of theliterature on the most significant ancelevant techniques is
presentedin the next chapter. From the research output on diffuser/nozzle dimension, IPMC
displacement sensor arige aforementbned adaptive controllers, clear discrepasand missing
knowledge are identified and hence further investigaseaquiredin orderto achieve the research
objectives.

Chapter 3 discussé¢he investigation othe optimum diffuser/nozzle element dimensibat
is capable of imprang the pumping capability of a valveless pump. Since thassbeemo identical
agreement on this dimensitmdate the research conclusiofithis thesiservesas a design critesn
for future valveless pump design.

Chapter 4 introdugsa new diffuser/nozzle structure with-eatrance structure at the nozzle
side. First the analytical analysis from fluidic mechanical theory was investigatédsasulggested
that this structurean improve thefficiency of thediffuser 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, wtsamaiqueprinciple and the

reasmswhy it is suitable for this scenario are explained in detail. The characterization results show

10



acomparable performande that of the laser sensaon terms of resolutionthus it is believed to be
suitable for the feedback Ipan the adaptive controller.

Chapter 6 comprehensively compatwo adaptive controllers which were reportesibeing
able to control IPMC deflectioreffectively. As a biomedical pump requires accuracy and
compactness, a more efficient, energy saemyroller needs to be selectdtherepetitive controller
was found to achievess errorrequire lesgontrol effort andess computational resouraad hence
will be chosen as the closeop controllerfor the valveless pump.

The finalized pump prototypeis presented in Chapter 7. Not ondye thefunctional
progressions discussed, this chapter also explaly a two-chamber configuration was adopted
instead ofthe, morecommonly seepsingle chamberThe results of thexperimentdemonstratéts
superior performance that meets the requirenmtsost biomedical applications.

The research conclusioihe verification ofits contribution and the future worlproposed
which may extend the study ofahesearchincludingthe use ofan embedded iccuit anda novel
actuatorwith increasedorce output and longer durabiljtgre presented in the final chaptef the

thesis

1.7. Summary of the Introduction

This research presenthe importance, benefits, and limitations of usiagoump for
continuous drug dispensing undedesired rate. Due to the differ@esin the principles and the
capabiliyy of actuators, sensors and controllers, adaptability and compaateesportant thisis an
issue facing the current generation of bidmal pumps. By usin@n efficient actuator, flow
rectifying elements, accurate serssand controllers, it is possible to build a pump that is scalable

and meetshenormal requiremestin biomedical applications.
Three main objectives of this researevé been identified and summarizsifollows:

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 withan adaptive controllethat aims to improve both the
robustness and duration of pumpidgy practical obstacles encountered are also discussed

and addressed.

11



Chapter 2. Literature Review

While various micropumpsncludingtheir benefits and drawbackere discussed in Chapter
1, this chapter focesonly on the development of relevant IPMC driven diffuser/nozzle valveless
pump technologiesin terms of diffuser/nozzle dimension and structure, control strategies and
compact deflection sensors. This review will not cowttrer relevantstudies that are beyoritle
scope of this stugyfor example, thanalytical investigation ahevalveless pump32, 36, 37], the
manufactue of the IPMC [38-41], andtheuse of IPMC as sensorgl2, 43].

2.1. Diffusa/Nozzle Valveles®ump

When the fluid flowing along gradually expanding channetso | | ecti vel y kno
A di fofthe duedsuffers less pressure loss tlaesfluid flowing fromt he opposithee di r
nozzlI| eBased ondhe bias pressure loss phenomenon, the first diffuser/nozzle valveless pump
was proposed by Stemme and Stemme in 1983 As shown in the schemafar working principle
shownin Figure 2.1, there is more fluitbig arrow) coming into the chamber throughe inlet
(diffuser) during the source modend more fluid out of the chamber througlhe outlet (diffuser)
during the pump mode, which represents thalf circle during whichthe diaphragm maas
respectivelyupwards and downwards. As a consequence, afterteglmesillations of the diaphragm
there will be a net flow bm the inlet to the outlet. Among the many researches conducted on
diffuser/nozzle valveless pumps, several hotspots are actuation mechfpismg-47], flow-
directing abilitieq9, 14, 15, 48, 49] and new structuref®r adiffuser/nozzle paifl15, 50-52]. Since
this study only uselPMC &s the actuatgias mentioned in Chapter 1, only flow-directingability

and new structures will dacluded inthe following research.

12
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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 etchitg, half angled) of which was fixed at
35.26°[44]. They concluded that the diffuser/nozzle paould rectify the flow inthe preferred

direction only when the Reynolds numbRe&(was higher than the critical value of 100.

Olssonet al.analyzed the pressure drop of diffuser elements with water and mesgmahol
found out that pressure drop is composed of three parts: a pressure drop due to the sudden contractio
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 exparaditime outlef53]. It wasalsoconcluded that a turbulent
flow in the diffuser element resulted in a better fldinecting performance thahat ofa laminar
flow. The following computational fluid dynamgc(CFD) study found that diffuser efficiency
increased witha decreasd cone angleandanincreagd diffuser length for conical diffusers (round
crosssection)[54]. This conclusion was reaché&at both laminar and turbulent flow (300Re<
1400).

Singhalet al numerically investigated the pressure loss coefficient of individual diffusers
without the inlet and outlet pressure loss froRenf 200 to 3000Q9]. Different half angle conical
and planar diffusers were numerically tested for both fully developed entrance flow and thin inlet
boundary entrance flow. Theincorporated the entrance and exit pressure loss coefficients, although

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

Sun and Yang used flow visualization methods to investigawiffaser half angle influence
on the flow characteristicof planar diffuser/nozzle elements and found that the maximum flow

rectification occurs aff = 30for Relower than 2755].

13



From these previously reported studiesan be seen that there atear discrepancieshen

considering the diffuser/nozzle dimensidmesearesummarized iMable2.1. For example, Sun and

Yang reported that the maximum diffuser efficiency occurref=a80°and no flow reversiorbeing

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

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

direction for low and highRe In addition, Artyushkina argued thdbr low Re(1 <Re< 50) and

conical angles (2.5A < d < 20A),

ttieeRegb @ o d u c

diffuser/nozzle, defined as coefficieAt was constant, which meaaitdid not change over thRe

range.
Table 2.1. Diffuser/nozzle selection in previous researches
Half angle If maximum
Author [year] AR Re o
0 efficiency
the longer the
Gerlach [1998] 5 100 yes
better
vary with half
Sun and Yang [2007] 30 <22 yes
angle?
Jiang, Zhou, Huang, .
. _ vary with half
Li, Yang and Liu 5 <50 yes
angle?
[1998]
Singhal, Garimella
5 15 200 yes
and Murthy [2004]
Wang, Hsu, Kuo and vary with half
20 100 yes
Lee [2009] angle?
) vary with half
Lee and Kim [2006] 20 <50 yes
angle?
Cheng and Lin [2007] 5 35 n/r® n/r®
Olsson, Stemme anc
0.953.4 1.85.4 <110 n/rP

Stemme [1996]

2the length of diffuser/nozzle is fixed

b not reported
14



The urgency to fill this knowledge gapthe flow characteristics @diffuser/nozzle element
and therefore adivalveless micropump performance, especially atR@rarises from need that call
for theminiaturization of pump§56], the delivery of high viscosity fluid$3], and the utilization of
low frequency actuation mechanisfd$]. This study therefore first tries to address this discrepancy

andto find the optimum performander valveless micropumpsith the use of these nal¢s.

2.1.2.Improved Diffuser/Nozzle Structure

New flow-rectification structures have also been proposed as the substitutes for
diffuser/nozzisin valveless pumps. lat al.used fins on the side walls of the diffuser to improve the
rectification efficiencyof a micropumgd50]. Asymmetric obstacles have also been implemented by
Leeet al to gradually narrow the channel to mimic the diffuserahgrcreating the flovdirecting
effect in micropump§51]. Xu et al.implemented a sawooth diffuser/nozzle pair to increase friction
and thus enhance pump performaf&®. 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 usingithera concave or convex diffuser shgdfi&]. However, the effective tuning
angle rangereported 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 regéérch

Table 2.2. Novel diffuser structures reported in literature

Efficiency
Author Half angle AR Shape Novel structure
Improvement

15



Fins on

Li et al.[57] 7° 7.15 Planar 11% _
sidewall
Asymmetric
Lee et al[5]] 3.577°4 8.09 Planar n/r
obstacle
Sawtooth
Xu et al.[52] 7° 37 Planar 25% _
sidewalls
Chandrasekaran
o 2.577.57 Concave and
&Packirisamy 2.74 Planar 31% _
(15 157 3075 45° convex sidewalls

n/r, not reported
aequivalent angle and area ratio
b calculated on simulation flow rate

¢ 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 meawinite others ray betoo
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 thatable taconvert electrical energgto mechanical
energy it iscomposed of a flexible ienonducting membrane sandwiched between two thin electrode
layers made from gold, silver or plating®j. When a voltage iapplied across the thickness of the
membrane, the induced electiifield 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 theathode 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 actuatibris chemical reaction is illustrated in Figure 2.2.
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Figure 2.2. Electrochemical principle of IPM{5§]

Its unique working principle brings abomanyadvantages over conventional actuators and

other smart materials, such as:

Light weight, low voltage required (5V), and could be fabricated to any shifle

Compliant and flexible so can produce large tip deflections compared with other smart
materialq8].

Extremely high energy density and efficieramympared t@ll othersmart material§g].
Biocompatible and the electrode coating matsrislichgold or platinum are chemically
stable, which make it possibfer incorporaion into human implant devices, e.g.heart
compression banas shown in Figure 2.3 (§9].

1 IPMC convertselectrical energy directlynto mechanical energy without the netat
additional transmission or conversion. The actuation structure is simple, as only a pair of
electrodes is required to actuate an IPM@as alsaised as a planetagystwiper, as shown
in Figure 2.3 (b]60].

1 The deflection direction can be changed merely by swapping the polarity of the applied
voltage[8].

1 IPMCs possess long durability as the material regtaghly flexible, havinga useful lifetime
of morethan 100,000 cycld$1].
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1 IPMCs are able to work ianaqueous environmeaind it isthus a promising candidate for

aguatic and underwater applicatipagch as biomimic fish fingtQ].

(@)

(b)

Figure 2.3. IPMC applications as heart compressor (a) andaipstr (b)

Despite IPMC heing many meritssuch aslow actuating voltage, high energy efficiency,
large tip deflection and bioompatibility, itdoes also hava few drawbackssuch aslow output
force potential, back relaxation, hysteresis, membrane dehydration and hyd6fy8% 63]. These
inconsistent properties have be addressed by suitable control as well as sensing schemes

instancesvhere IPMC is utilized in highaccuracy or longime opeatingdevices.

2.2.1.Time-variant

As mentionedpreviously the mobile affiliated water molecules within the IPMC polymer
membranere fundamentbt its actuating property and uls their quantityhasconsiderablempact
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