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ABSTRACT

The feasibility of using an electromagnetic actuator as an important part in a portable
diaphragm air pump is investigated. The ideal electromagnetic actuator will have
capabilities of producing large deflection and high tuneable frequency. These two
characteristics make the actuator very attractive for the present application. Much effort
has been put into the development of the proposed diaphragm air pump because it is

easily integrated into the complex system.

The characteristics of the magnetic field of the electromagnetic coils are thoroughly
investigated in order to complete the design optimization for the proposed
electromagnetic actuator. As the base of the design optimization for the proposed planar
and cylindrical coils, the proposed model of magnetic field distribution for a circular
current loop is developed. The design optimization for various parameters of planar
coils was thoroughly investigated. Approximate approaches to determine the
electromagnetic forces are discussed. Models for diaphragm deflection were determined.
The fluid model for evaluation of flow rate form the output of diaphragm pump was

developed.

The feasibility of using nozzle/diffuser elements as components of air pumps is
investigated. The geometry of nozzle/diffuser elements was designed and the chamber

configuration for the proposed electromagnetic air pump was determined.

The proposed air pumps, including the electromagnetic actuator, PDMS
(polydimethylsiloxane) diaphragm, and chamber and nozzle/diffuser elements were

built.

Several experiments were conducted to investigate the performances of the proposed
electromagnetic actuator including the deflection of diaphragm and frequency

characteristics. The flow rate of the proposed air pump was measured.

In conclusion this study supplies solid evidence of achievements using electromagnetic

actuators in air pumps.
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NOMENCLATURE

Symbol Meaning Unit

ADU Air delivery unit

Amag Surface area of magnet m>

B Magnetic flux density Teslas

B: Residual magnetic flux density Gauss
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D Flexural rigidly of plate N-m?
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I Current amplitude A
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R Radius of circular m

R; Inter coils radius m

R, Outer coils radius m
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a Radius of plate m

ay Unit vector of Cartesian coordinate system

ay Unit vector of Cartesian coordinate system

a, Unit vector of Cartesian coordinate system
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dl Vector of differential element of current loop m
Frequency Hz

h Thickness m

r' Source point vector

r Field point vector

r The central distance from any point m

xiii
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Vz
AV

Poisson’s ratio

Deflection m
Maximum deflection m
Permeability of free space V-s/(A-m)
Angle radian

Gradient vector field along z axis
Volume change of chamber m

Rectified efficiency of nozzle/diffuser

Xiv



CHAPTERI
INTRODUCTION

1.1 Background

Pump miniaturisation has been under development for more than two decades. The key
characteristic of a small pump size is its manipulation of the small and precise volume
of liquid or gas. This characteristic makes them able to serve in chemical, medical, and
biomedical applications with great scientific and commercial potential. Drug delivery
system is an example of its application when working with liquid [1], while the air
delivery unit or air pump (terminology define see appendix A.1) is an example when

working with gas.

A coherent system of categorisation is helpful for making sense of the diverse set of
pumps that have been developed. Pump classification, illustrated in Figure 1.1,
generally can be divided into two major categories [2]: (1) Dynamic pumps, which
continuously add energy into the working fluid in a manner that increases either its
momentum or its pressure directly; (2) Displacement pumps, which exert pressure force
on the working fluid through one or more moving boundaries [3]. Such dynamic pumps
include centrifugal pumps, which have only been miniaturisation to a limited extent, as
well as pumps in which an electric or magneto-static field interacts directly with the
working  fluid to generate flow and pressure (electrohydrodynamic,
magnetohydrodynamic and electroosmotic pumps). Displacement pumps on the other
hand can be further classified as either rotary type or reciprocating type. A rotary pump
is based on rotary elements, called gears or vanes. A reciprocating pump is based on

reciprocating motion, such as a piston and diaphragm.

For many small-scale fluidic systems, a self-contained active small-scale pump, whose
packaging size is comparable to the fluid volume to be pumped, is necessary or highly
desirable [4]. A significant driving force underlying this pumping miniaturisation has
been in the integration of the pumping mechanisms into micro total analysis systems,

micro-dosing systems, and other small-scale electrometrical system [5].



Pump
| |

Dynamic Displacement
Centrifugal Rotary
—| Electrohydrodynamic Reciprocating
Magnetohydrodynamic —| Piston |
Electroosmotic —{ Diaphragm |

Figure 1.1: Types of pumps

1.2 Pumping Technologies

This literature review presents recent research on novel small-scale pumping techniques.
It includes the basic working principle and critical features of the various kinds of

pumps.

1.2.1 Centrifugal pumps

Centrifugal pumps are the most common type of traditional dynamic pump. A
centrifugal pump is essentially composed of a casing, a bearing housing, the pump shaft
and an impeller. The overhung impeller mounted on the shaft is driven via coupling
with a motor. The impeller (refer to 3D-CAD Figure 1.2 for details) transfers the energy
necessary to transport the fluid and accelerates it in the circumferential direction [6].

Studies were undertaken into the unsteady flow field of centrifugal pumps by some
researchers [7-9]. Efforts also were put on the miniaturisation of the impeller of

centrifugal pumps [10, 11].



Figure 1.2: Impeller|[6]

1.2.2 Electrohydrodynamic pumps

Electrohydrodynamic (EHD) pumps utilise electrostatic forces acting on dielectric
fluids to generate flow. They directly convert electrical energy into fluid motion. There
are several types of EHD pumps, and the distinction is based mainly on a method for the
charged particle introduced into the fluid [5]. EHD pumps include three types: induction,
injection and ion-drag (refer to Figure 1.3 for details). In induction EHD pumps, charge
is induced in the working fluid by application of potential difference across them. In
injection EHD pumps, electrochemical reactions at the electrode produce the injection

of free ions into the working fluid. lon-drag force drives the fluid in ion-drag pumps.



Increasing Temperature
Electrical Grg dient Velocity
Conductivity Profile
(a)
Voltage
MNonconductive
liquid
Electrode

Electrode

Figure 1. 3: Types of EHD pumps: (a) Induction type[S] (b)Injection type[12] (¢)
Ion-drag[13]

The working fluid for EHD pumps must be dielectric. The flow characterises induced
by EHD pumps were studied [14-17]. Also the geometry of the electrodes as important
components of EHD pumps were thoroughly investigated [12, 18].



1.2.3 Magnetohydrodynamic pumps

Magnetohydrodynamic (MHD) pumps exploit the Lorentz force that is generated when
a current-carrying conductor is placed in a magnetic field. Figure 1.4 shows the basic
structure of an MHD pump. An electric field is generated by the electrode on opposite
walls of the channel. Permanent magnets are used to create a magnetic field across the

depth of the channel in a direction perpendicular to that of the electric field.

hannel

o
>
@

Magnetic fiel

T — — ¥
South pole of magnet 1 _—— %

Hum,jmw 1 T/ North pole of magnet
e

1
Current

Figure 1. 4: Working principles of MHD pumps[19]

The interaction between the moving conducting fluids with electric and magnetic fields
provides the magnetohydrodynamic (MHD) phenomenon. The flow mechanism in
MHD pump was investigated by several researchers [20, 21]. MHD pumps were
fabricated with a novel micro-fabrication process [22-24]. For the MHD pump, it
provides several desired characteristics, including easy architecture and fabrication, no
pulsation of fluid flow and bidirectional adjustability of fluid flow [4]. However, within
the MHD pump the scaling of flow rate with the fourth power of hydraulic diameter

makes miniaturisation challenging.



1.2.4 Electro-osmotic pumps

Electro-osmotic (EO) pumps utilise the surface charge that can spontaneously develop
when a liquid comes in contact with a solid. The electro-osmotic pump is realised in a
glass or SiO, capillary fitted with electrodes on two ends. Since this type of pumping
technology is only suitable for the electrolyte solution, details of operation principle and

main performance are not described at here.

1.2.5 Rotary pumps

The traditional rotary pump consists of a toothed gear rotating in a fluid chamber with
an inlet and an outlet port. As shown in Figure 1.5, the pump consists of a circular
chamber connected to an inlet and outlet channel. A rotor with eight poles is free to

rotate inside the chamber while the stator coils lie outside the chamber.

Conventional rotary pumps are unsuitable for the purpose of miniaturisation due to their
large size and power consumption [19]. A magnetic actuated rotary micro pump was
discussed by Ahn and Allen [25]. The traditional rotating micro pump was reported to
have achieved a high flow rate using micro fabrication technologies, namely
photolithography, electroplating, and resist stripping [26]. However the micro

fabrication of this pump is very complex and likely to be expensive.

X /

1\\\ QOutlet port /7
Outlet
channel

Inlet port

Chamber A

Gear/Rotor
o S

Figure 1. 5: Operational principle of rotary ADU [19]

6



1.2.6 Piston pumps (Reciprocating Pumps)

Piston pumping technology is traditional and space consuming. In addition, it needs a
large power motor as driver. Some piston pumps need lubrication. Thus piston pumping

technology might not be suitable for miniaturisation.

1.2.7 Diaphragm pumps

The name called “reciprocating pump” apply oscillatory or rotational motion on a part,
such as a piston and diaphragm, to implement movement of the working fluid [27]. A
typical diaphragm air pump includes four components: chamber, diaphragm, driver and
valve or valve-less [1]. Valve-less pumps could be fitted with nozzle/diffuser or other
non-moving part valve. The working principle of a diaphragm air pump with valve is

illustrated in Figure 1.6 [3].

| chamber .
driver

inlet \ <L

valve _lﬁp"_él_
o
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valve
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T T - & P

I |
discharge stroke suction stroke
(b}

L —
I

Figure 1. 6: Structure and operation of a typical diaphragm pump (a) Top view

and section (b) operation principle [3]



During the operation of a diaphragm pump, the driver acts on the diaphragm to
alternately increase and decrease the volume of the chamber. During the stage of the
suction stroke or “supply mode”, air or fluid is drawn into the chamber. Fluid is forced
out of chamber during the discharge stroke or “pump mode”. Figure 1.7 illustrates the

working principle of an air pump with nozzle/diffuser [28].

SUPPLY MODE PUMP MODE
&
Tnlet /A\ Outlet Tnlet Outlet
- |7 |- TS~

01*- -_:hanbﬁaiﬂlﬁm- - -_“-—_@o 0; -1—-— - - \ - +P‘:>

: . Demeasing -
\k| ...... \I ' " ﬁ chamier volume, \\l
L

Diffuser Nozzle Nozzle Diffuser
action @3> action action 105113 action

Figure 1. 7: Operation of nozzle/diffuser-based pump with single chamber and

diaphragm (a) Supply mode (b) Pump mode [29]

The diffuser element is a fluidic channel which is able to make fluidic resistance in one
direction higher than other direction. This characteristic causes a flow rate that is
different in the two directions despite the same applied pressure [30]. The nozzle
element has opposite characteristics. When fluid flows from left to right, the fluidic
channel acts as a diffuser, but when fluid transportation is from the right to the left, it

acts as a nozzle.

1.3 Actuation schemes

Ideally, actuators must be easy to construct, provide large force with a fast response
time and run under low power consumption [1]. The choice of the type of actuator

depends upon the specific requirement of the application.



Actuation schemes includes piezoelectric, thermal, electrostatic and electromagnetic
actuation [1]. The advantages and disadvantages of these actuation schemes are

described in the following section [5, 27].

Piezoelectric actuation provides a high actuation force and fast mechanical response.
However, relatively high actuation voltages and the attachment of piezoelectric ceramic

material can be regarded as disadvantages [31-33].

Thermal (Thermopneumatic and Shape Memory Alloys) actuation requires low input
voltages. It can generate high pumping rates and actuation forces and can be very
compact. A critical drawback of thermopneumatic actuation that has limited its use, is
that it has a relatively long thermal time constant, especially during the cooling process

[34, 35].

Electrostatic devices with high operating frequencies are characterised by extremely low
power consumption and full integration capability. The major disadvantages are small

actuation strokes and degradation of performance with time [36, 37].

The major advantage of an electromagnetic actuator is the generation of large deflection
and high tuneable frequency capability. In addition, the electromagnetic field can be set
up and disappear rapidly. Thus electromagnetic actuators are able to operate with very
fast speed [1]. However, an electromagnetic actuator requires high power consumption.
Although it is not well compatible with MEMS integration, this actuation concept can
easily be adapted in a modular way and offers the benefit of a separate optimisation of

micro-pump and actuation unit [27].

1.4 Motivation

Centrifugal pumps are well known and of significant economic importance in many
areas of everyday life and industry. Their applications range from small pumps of a few
watts, such as cooling air pumps for CPU, to blood pumps with power consumption
below 100 watts. These pumps have several drawbacks. First the fluid flow in a

centrifugal fan is highly turbulent and unsteady. It is well known that the flow pattern



and stability of the centrifugal fan depends on the geometry of its rotary blade and the
shape of its channels [8]. The second negative property of the centrifugal fan is the
noise which is caused by the rotating blade noise with a narrowband frequency and the
turbulent noise with a broadband frequency spectrum [38]. Progress for extensive
miniaturisation of centrifugal pump has been made. However, unfavourable scaling of
efficiency with decreasing Reynolds number has been shown [3].

In order to overcome inherent drawbacks of the centrifugal and other moving part
pumps, the research to the so-called “diaphragm pumps” is focused on. One of the main
reasons for that is the suitability of the latter to miniaturisation and compact size device.
The proposed pump consists of: an actuator, moving fluid, control valve and delivery
element. The actuator is of electromagnetic nature, while other elements are of

mechanical nature.

1.5 Research objective

The characteristics of the central deflection of a diaphragm are important factors
impacting on the performance of air pumps. Configurations of electromagnetic coils
have a great effect on the production of electromagnetic force. Due to the complex and
nonlinear distribution of the magnetic field, design optimisation of electromagnetic coil
is an essential part of the optimisation. To put there into context, the objective of this

work can be summarised as the following:

1. Develop suitable models of the electromagnetic actuation based on the proposed

diaphragm air pump.

2. Develop a mechanical model to determine the deflection of the diaphragm.

3. Develop the fluid model for flow rate based on the proposed type of diaphragm

air pump.

4. Examine and investigate design optimisation of electromagnetic coils for

enhancing electromagnetic force.
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5. Numerical calculation of magnetic field distribution and the central deflection

of diaphragm.

6. Investigate various configurations of the diaphragm air pump for better

performance.

7. Determine the geometric parameters for the nozzle/diffuser as a component of

the diaphragm air pump.

8. Fabricate the proposed electromagnetic coils, chamber and nozzle/diffuser.

9. Implement or assemble the proposed portable diaphragm air pump.

10. Investigate the characteristics of the proposed electromagnetic actuator.

11. Investigate performances of the proposed air pump.

1.6 Thesis structure

Modelling framework of electromagnetic air pumps is presented in Chapter 2. Four
different models are used for analysis and design of electromagnetic air pumps. Based
on the modelling formulation, chapter 3 describes the design optimisation methodology
for electromagnetic air pumps. In this chapter two basic configurations of
electromagnetic coils are designed. Details of model numerical calculation are presented
in this chapter. Chapter 4 involves methods of fabrication and test for the
electromagnetic air pumps. Utilising several experiments, characteristics of the
proposed electromagnetic actuator and performances of the air pump are investigated in
the chapter 5. Some discussions and conclusions are given in chapter 6 and chapter 7

separately.
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CHAPTER 2
MATHEMATICAL MODEL

2.1 Introduction

Model developments and numerical calculations play important roles in research.
Mathematical modelling for the electromechanical system has two purposes, first the
implementation of design optimisation to guarantee customer requirements under
physical and technological limitations, and second the assessment of performance and

capability of the electromechanical system.

This chapter presents the electromechanical model developed in this study to quantify
the relationship between the input and output of the proposed air pump. The model
consists of (refer to Figure 2.1 for details) an electromagnetic model, followed by a
force generation model, then a fluid model to quantify the values of the delivered flow

rate and pressure.

Amplitude Electromagnetic Force production and Fluid model Flow rate
—> > . —>
Frequency model mechanical model Pressure

A 4

Figure 2. 1: General structure of electromagnetic air pump

The electromagnetic model describes the magnetic field distribution in space. The
electromagnetic force is quantified by the force model. The mechanical model
determines the behaviour of the central deflection of diaphragm. The flow rate model
estimates the flow rate under various conditions of structure and geometry of the
proposed air pump. Development of all the above models will be presented in the

following sections.
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2.2 Electromagnetic model

The electromagnetic model is based on the principle of electromagnetism. A static
electromagnetic field is produced by charges moving with constant velocity [39]. The
magnetic flux density (B) and magnetic field intensity (H) describes the characteristics
of the electromagnetic field distributed in space. They both have amplitude and
direction and best defined by a vector. For example, for three dimensional space there
are X, y, z components representing the magnetic flux density B at any point in a

Cartesian coordinate system (Figure 2.2). This can be written as

B=B, a, +Bya, +B, a, (2.1)

Where ay , ay and a, are unit vector in the x, y, and z axis respectively. By , By, B, are
the magnetic flux density in the X, y, z direction respectively. The motion of electric
charges with uniform velocity (direct current) or static magnetic charges (magnetic
poles) produce magnetostatic fields or magnetic fields. Accelerated charges or time-
varying currents usually generate the electromagnetic waves [40]. In this work we are

proposing low frequency working actuation therefore Bio-Savart’s law will be used [40].

2.2.1 Bio-Savart’s law

Bio-Savart’s law defines the magnetic flux density (B) of an arbitrary point in space.
Figure 2.2 shows an arbitary current loop. Typical source point and field point are
located at Q and P respectively. It is assumed that the source point is a small element
along the current loop and the field point is the specific point in space where the
magnetic field intensity needs to be known. r is the position vector of the field point, r’

is the position vector of the source point [41].

13
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Figure 2. 2: Electromagnetic field of arbitrary point

For a differential element, Bio-Savart’s law may be written as [40]:

uo-I 95 dix(r-r") 02
ATT |r_rr|3 .

Where B is the magnetic flux density. The cross product dl x (r — ") gives the vector
distance between the field point P and source point Q. |r—r'| is defined as the
magnitude of distance between the field point P and source point Q.

The direction of the magnetic field intensity is the progress of the right —handed screw
turned from d/ through the smaller angle to the line from differential element to field

point P [41].

2.2.2 Magnetic field of a circular current loop

From Bio-Savart’s law, the mathematical model of magnetic flux density distribution
for any arbitrary shape of current loop can be obtained assuming of quasi-static field.

The quasi-static condition allows for replacement of direct current in the mathematic
14



model of magnetic flux density distribution with alternating current. The mathematic
expression for the magnetic field is for single current loop. However for multiple loops

they should be considered summation.

Appling Bio-Savart’s law, the magnetic field intensity B at a point along the z axis of
the circular current (shown in Figure 2.3) can be determined. Source point and field
point are located at Q (R cos6, Rsin6,0) and P(0,0,z) respectively. The positive vector of
the source point is OQ =r’. The positive vector of the field point is OP =r. The distance
vector between the source and field point is PQ =r-r’. In this case, the small element of
the current loop dl is equal to R-df in the cylindrical coordinate system. The unit

vectors in the cylindrical coordinate system are ag, a, and a,.

ar

Cylindrical

coordinate system
a9

v

r' " / Q(RcosO,Rsin6,0)
di

Cartesian coordinate system

Figure 2. 3: Source and field point in cylindrical coordinate system

In cylindrical coordinate system, source point Q and field point P is represented as
(R,0,0) and (0,B,h). The small element of current flow and the distance vector between

the source and field point is written as equation

dI=R- db ay and

15



r—r=PQ=—Ra,-f5 ag+h a, (2.3)

The small element of current loop cross product with distance vector between the source

and field point can be represented by:

(R- d6 ag) X (—Ra,- [ ap+h a,)

Due to the rules of unit vector operation and vector cross product, z component of

vector (dIX PQ ) can be written as:

(dIx PQ )~—R*d0 a,

The length of vector PQ can be written as:

|PQ| =VR? + h? (2.4)

The magnetic flux density of z component under the condition of circular current loop

can be written as equation [40]:

ul-I p0m R?
T Jy 2 " (VRZ+nZ)3 ao 2
Or

uo-I R?
By (VRZh)s 20

Following the above method, the magnetic field density at any position around the z
axis of circular current loop in Cartesian coordinate system can be obtained. We assume
any field point P in space and any source point at a circular current loop of the radius R.

They are represented as vector OP and OQ.

OP=xa,t+yay+za, 2.7)

OQ=Rcos0 a, + Rsin0 a, (2.8)
16



The vector of distance between field point P and source point Q is calculated as:
OP - OQ =(x — RcosO) a,+(y —Rsin0 ) ay, + z a, (2.9)

Thus magnetic field distribution for a small element of circular current loop is written

as

po-I dIxPQ [R?— xRcos B- yRsin0)] A
4t |PQI3 (\/[(x—Rcos 0)]2+[(y—Rsin (a)]2+z2)3

(2.10)

7z —

Consequently, the z component of the magnetic field distribution for a circular current

loop is the result of integration of equation (2.10).

_u0-l ;2w [R?— xRcos 6- yRsinB] d6
= 3
4 "0 (/[(x—Rcos 8)]2+[(y—Rsin 8)]7+22)

2.11)
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Where I is amplitude of current (unit: A), u0 is the permeability of free space and equal
as 41x10” H'm™ or N-A%, B, is amplitude of z component of magnetic flux density

(unit: T).

The magnetic field gradient of the z component along z direction is written as the

following:

0Bz u0-I (2m R?— xRcos 6- yRsin0] d6

—=-3z—]° [ yRsind) - 2.12)
0z A (VI(x—Rcos 8)]7+[(y—Rsin 6)]7+z7)

Above equation 2.12 will be used late when the total force generated from the coil is

determined.
2.3 Force generation model

The electromagnetic model was developed as above. One possible application of the
electromagnetic model is evaluation of electromagnetic force. The electromagnetic

force can be written as [42] (see Figure 2.4).
Fz:Br§Vm VZ Hz (?) d3 r (213)

Where Br is the remnant magnetic induction field given by manufacturers, V, is
volume of permanent magnet, VZzHz is the z component of the magnetic field gradient

along the z direction.

(x,y,2)

v




Figure 2. 4: Electromagnetic force production in the Cartesian coordinate system

One approximated method was suggested by D. de Bhailis [43] who tried to replace

volume integration with surface integration in Equation (2.13).

z+h OHz

F/=BrxAmag [, —~dz (2.14)

V4

Where A, 1s the surface area of the permanent magnet, z is the distance between the
current loop and the permanent magnet, and h is the thickness of the permanent magnet,

as shown in Figure 2.5.

Amag: surface area

Circular Current———"

loop Variable z

X

Figure 2. 5: Approximated calculation of electromagnetic force
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Another approach is presented as to use cross multiplication as follow [44]

O0Hz
F,=BrxVm, X — (2.15)
2z

Vm: Volume of magnet.

%: Differential of magnetic field intensity along z axis direction.
2.4 Mechanical model

The electromagnetic force generates displacement or deflection of the diaphragm in the
proposed air pump. In the following section, the mode of diaphragm deflection is
developed. Figure 2.6 shows a circular diaphragm with clamped edge. The load is

assumed uniformly distributed along the inner portion of a concentric circle.

N 7
] 2
/V
N b -« .
a

Figure 2. 6: Load uniformly distributed along inter portion of a concentric circle

Thin plate or small deflection theory is often used, and is appropriate for a small
deflection of the plate in comparison with its thickness [45]. In the case of a PDMS
diaphragm, when the deflection is three times smaller than its thickness and over ten
times less than any other dimension such as the size of the diaphragm, the small
deflection theory is applied. However, large deflection theory of membrane is used
when the deflection is over three times of its thickness [45]. Since operation could be

achieved in both ranges, the two theories are presented next.
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2.4.1Small deflection of diaphragm

Solutions for the small deflection theory are well known, but are repeated here for
convenience. Deflection, w, of a clamped circular plate under the load uniformly

distributed along the inner portion of a concentric circular is given by [46]:

w =22 (a% - 2p? + b log) (2.16)

Where w is maximum deflection of a diaphragm at the centre, p is the load density, b is
radius boundary of load, a is diaphragm radius, and D is the flexural rigidity of plate.

D is given by equation

_ ER3
T 12(1-v2)

(2.17)
Where E, v, and h are PDMS young’s modulus, Poisson’s ratio and diaphragm
thickness, respectively.

The details of driving equation (2.16) are presented in appendix A.2.

2.4.2 Large deflection of diaphragm

In contrast to small deflection theory, deflection in membrane theory is nonlinear when
straining of the middle surface of plate is considered.

Many researchers have already developed models of large deflection of membrane
under the action of uniformly distributed loads in its central portion, such as Chien Wei-
zang [47], Sherbourne [48] and Kao R [49]. Because requirements of computational
accuracy are not crucial for this study, the mathematical model of large deflection was
treated as two parts: linear, which was solved with thin plate or small deflection theory;
and nonlinear, in which strain of the middle plane due to stretching is calculated by the

energy method [45].

Thus the large deflection of diaphragm at the centre can be written as:
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W =Pz 32 4 p20e?
2.51nEh 12a2(1—v2)+w = 1D (a 4b +b loga) (2.21)

Where w is the maximum deflection of the diaphragm at the centre, p is the load density,
b is the radius boundary of load, a is the diaphragm radius, and D is the flexural rigidity
of plate.

2.5 Fluid model

The purpose of this flow model for air pumps allows engineers to understand the flow
rate from the outlet theoretically and find approaches to improve performance of the air
pumps. Prior to discussion of the expression of flow rate, the concept of volume change

(see Figure 2.7) based on the circular shape of the chamber is explained.

w (1)

Maximum deflection Diaphragm

Wmax

\ 4

T

Figure 2. 7: Deflection of diaphragm in a cylindrical coordinate system

It is assumed that the stimulated signal is sinusoidal. In order to calculate the volume
change of a circular pump chamber, the shape of diaphragm deflection must be
considered. Thus the shape of deflected surface can be represented by the following

expression [45]:

2
W (1)=WmaxX (1 = =)? (2.22)
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Where r is radius variable, W,y 1s the maximum deflection of the diaphragm, and o is
the radius of the chamber.
Thus, the volume change of a pump chamber during half is the area under deflection

curve given in Figure 2.7:

R
AV = 2m [ “rw(r)dr (2.23)
Substituting equation (2.22) into equation (2.23) to obtain an expression of the volume
change:
. R dr = R 2.5 d _ma?
AV = 2x fo rw(r)dr = 2m fo wmax X (1 — —=)*rdr=— Wmnax (2.24)

Therefore the fluid model of an air pump is defined as:

Q=2x AV x f x n (2.25)

Where Q is the flow rate of the air pump, AV is the volume change during half of the
operation cycle for the diaphragm pump, f is the operation frequency of the diaphragm

pump, 1 is rectified efficiency of the operating valves or the system.

2.6 Summary

Through theoretical analysis, the operational mechanism of electromagnetic air pumps
is developed. The magnetic field of the circular current loop for any point in space is
described by the electromagnetic model. The force generation is used to approximate
calculations. The mechanical models are used to investigate to the relationship between
the force and deflection of the diaphragm. The proposed fluid model is used to describe
the flow rate of the air pumps. Obviously, this flow rate depends on the volume change,
the operation frequency and rectified efficiency of valves or valveless channels. The
volume change is determined by two main factors including chamber dimensions and
maximum central deflection of the diaphragm. The electromagnetic force and

mechanical properties of the diaphragm must be known in order to calculate the
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maximum central deflection of the diaphragm. Thus theoretical predicts for the

defection of diaphragm is presented in chapter 4.

CHAPTER 3
DESIGN OPTIMISATION

3.1 Introduction

Before the system is designed, optimum design parameters must be determined. Using
the relationship developed in chapter 2, one can determine the parameters and propose a

feasible design.

3.1.1 Design optimisation procedure

In this research, the optimisation procedure for design is outlined in Figure 3.1. At the
beginning of the optimisation procedure, a set of design parameters of the models are
identified and determined. Then results of numerical calculation are obtained using
MATLAB (codes see Appendix A.8). Evaluations for these are carried out to determine
the optimal possible design. Among a set of possible optimal designs, the final design is

determined with capabilities and limitations of fabrication technologies.

It is impossible to achieve an absolute accuracy from the mathematical models, but they
are expected to be adequate to meet the demand of designer. In the numerical
calculation, balance between the computational time and accuracy must be considered.

The techniques of approximate solutions for integration and differentia are utilised.
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Figure 3. 1: Procedures of optimization

3.1.2 Design consideration

The principle of a diaphragm pump states that the diaphragm moving backward and
forward generate pressure and flow rate at some range of operating frequency [3].
Several crucial factors impact on the generation of flow rate. These include but are not

limited to:

a) Volume change, the difference between maximum and minimum volume of
pumping chamber over the course of a pump cycle;

b) Air pump operating frequency;

¢) Characteristics of inlet and outlet valve , thus whether these inlet/outlets are
designed with valve or valveless;

d) Properties of the working fluids;

e) Air pump dead volume.

From the fluid model, three approaches to raise the amounts of flow rate delivered from

the air pump are considered. These are:

(1) Raise the amount of volume change
(2) Increasing the operation frequency
(3) Improve the rectifier efficiency

(4) Improve the design of the inlet and outlet of valve

The later two points of the valve or valveless rectifier for the efficiency are beyond the

scope of this work. The first and second methods are considered.

3.2 Air pump configuration

The schematic diagram Figure 3.2 illustrates the propose air pump including four
components. These are: electromagnetic actuator, diaphragm, chamber, and fluid

channel.
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Air pump

Electromagnetic Diaphragm
actuator

Chamber

Fluid channel

Figure 3. 2: Configuration of the proposed air pump

The electromagnetic air pump with circular chamber was proposed by considering
advantages of the electromagnetic actuation scheme and approaches of increasing the
amounts of flow rate. The design optimisation for electromagnetic actuator is discussed
in section 3.3. The nozzle/diffuser element is selected as the fluid channel due to its ease
of integration into the air pump. The physical dimensions for the other three

components, namely the diaphragm, chamber and nozzle/diffuser elements are also

designed.

3.3 Optimization of electromagnetic actuation

There are several scenarios to consider. The schematic diagram Figure 3.3 shows

different type of electromagnetic actuator.
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Figure 3. 3: Types of electromagnetic actuator

The electromagnetic actuator is made up of three parts: magnet, electromagnetic coil
and a ferromagnetic circuit. They are grouped into several categories as follows [50]:

1) Electromagnetic actuator: moving magnet, coil fixed.

2) Electro-dynamic actuator: moving coil, magnet fixed.

3) Hybrid actuator: coil and magnet fixed, ferromagnetic circuit moving

4) Reluctance actuator: coil fixed ferromagnetic circuit moving, no magnet.

5) Two coils actuator: interaction between two coils.
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If only the actuation force is considered, the electromagnetic and electro-dynamic
system is regarded as equal. A hybrid actuator has the problem of magnet adhesion. The
reluctance actuator and two coils actuator both have big power consumption. Thus in

this study, the electromagnetic actuator is used and further investigated.

3.4 Electromagnetic actuator

It is possible to design and implement an electromagnetic actuator by two methods. The
first is by having an embedded magnet into the diaphragm. The other is by having
embedded coils into the diaphragm. There are some disadvantages for embedded coils
into the diaphragm. Namely, the thickness of the conductor is required to be very thin
which results in the lack of the capability of carrying relatively large current. In addition,
coils must occupy relatively large area of the diaphragm to produce the required force.
This introduces some limitations on the mechanical fluctuation and deflection of the
diaphragm. Thus the method of the embedded magnet into diaphragm is chosen in this
study.

Both the coil and magnet in an electromagnetic actuator could be individually
optimisation. The general configuration of coils and magnet in electromagnetic actuator

is present in the following Figure 3.4.
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Figure 3. 4: A cylindrical magnet in the axis-symmetric field of coils (a) permanent
magnet (b) optimal magnet [51]
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To make fabrication convenient, as well as to balance the mass and force, practical
electromagnets usually have axial symmetry [51].The force is greatest if the magnet is
magnetised along the field flux lines [52]. The optimisation of magnet orientation of
permanent magnet for actuators has been studied extensively [51-53]. However,
research on optimising coils is not well documented. Thus in this study, the optimisation
of electromagnetic coils must be investigated. Optimum design is achieved when the
magnetic field flux follows the direction of the magnet pole (the large curve and small
arrows in Figure 3.4(b)).

According to the electromagnetic and force model, electromagnetic force is directly
proportional to the current amplitude and the magnetic field gradients. Due to the
structure and working principles of diaphragm air pump, one object of optimisation of
coils is to obtain maxima magnetic field gradient at central area of the chamber. Before
we discuss the design optimization of coils, their geometrical specification must be

described.

3.4.1 Specification of electromagnetic coils

Most applications of electromagnetic coils require having a capability to generate a high
magnetic field gradient. Considering the structure of electromagnetic air pumps, the
maximisation of the magnetic field gradient along z axis direction must be considered.
Many features of coils, such as geometry and material, contribute to the enhancement of
the magnetic field gradient. Other quantities involved in the force production, such as
current capacity of wire or copper track, must also be considered.

Figure 3.5 and figure 3.6 show some design parameters of planar coils and cylindrical
coils, such as inner coil radius and outer coil radius. The height of coils is a parameter
only for the cylindrical type. The space between two copper tracks is another important
parameter for planar coils when it is manufactured by print circuit board technology. R

is the central distance for any position and R, is the outer coils radius.
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Figure 3. 5: Geometry of planar coils
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Figure 3. 6: Geometry of Cylindrical coils

The application of a diaphragm air pump requires the maximum force loading in the

central area along the z direction. Since the electromagnetic force is a function of
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current amplitude and magnetic field gradients (Fx I, dB,/dz), each is considered
separately. According to the electromagnetic model, the amplitude of current is positive
linear and proportional to the force generation. The relationship between the magnetic
field gradient and electromagnetic force is non linear. Thus the configuration of the

coils is an absolute requirement to be optimised.

3.4.2 Optimised geometry of electromagnetic coil

It is useful for a designer is able to calculate the desired system performance (also called
objective function) by determining the system model parameters (also called design
variable). Objective function in this work is to maximise the B, by means of

determination for the geometry of electromagnetic coils.

The three-dimensional representations of the magnetic field can give comprehensive
positional information about amplitude and orientation. The advantage of using
MATLAB is the ability to perform very fast matrix operation. To graph a function of
two variables, the meshgrid() function is used. There are several three-dimensional plot

types available. Surf(), which plots the surface of the function, is used here.

The magnetic field intensity B, of z component is a function of three variables, x, y and
z. Due to the application of magnetic field in this study, the amplitude of function B,
distributed along the x and y axis for the given z value is of interest. For optimum
design condition, we would like to have a graph of B, in order to determine an
appropriate value of design. For example, the amplitude of B, for the circular current
loop (10mm radius) is plotted as in Figure 3.7 for given z valve (z=3mm). It is assumed

that the amplitude of current in the circular loop is 1 Ampere.
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The original point of the coordinate system represents the centre of the circular current
loop. X and Y are coordinates representing the spatial position. Z axis refers to the
amplitude and orientation of magnetic field intensity of z component. Figure 3.7 shows
that the distribution of magnetic field intensity for z component is asymmetric with the
centre line of the circular current loop. The maximum value of B, is not located at the
centre but the 2/3 part of radius of the circular current loop. The magnetic field intensity
of z component has relatively large amplitude around the centre line of the circular

current loop.

The 0B,/0z is defined as the magnetic field gradient of z component along z direction
for any point in space. The amplitude of 0B,/0z for a circular current loop (10mm
radius) is presented as 3D Figure 3.8 for the given z value (z=3mm). In Figure 2.5, the z
axis refers to the amplitude of magnetic field gradients. The magnetic field gradient is
relatively small around centreline of the circular current loop. Distribution of magnetic
field gradient 0B,/0z is also asymmetrical with the centre line of the circular current

loop.
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3.4.2.1 Magnet-coil distance

After several attempts, it is convenient to fix the amplitude of current as 100mA for
numerical calculation. It is important to know the distribution of magnetic field
gradients on the specific plane under the coils. The distance between the specific plane
and coils is a key factor for maximisation of the magnetic field gradient. Investigation
of cases in which the inter coils radius and outer coils radii are 2mm and 16mm

respectively are shown in Table 3.1.

Table 3. 1: Planar coils geometry

Inter Copper
Outer coils| Space or Distance between coils
coils track Turn
radius pitch and specific plane
radius width

e —
0.5mm, Imm, 3mm,
0.4mm 0.4mm 20

2mm 16mm

Smm

Figure 3.9 illustrates the z component of the magnetic field gradients along the z axis
direction which is the numerical calculation done using electromagnetic model for

several cases z=0.5mm, 1mm, 3mm, Smm.

36



T)

o 0.2 ,
W -~ z=0.5mm
= 015" L T smm)
.m \\\ LT 7=3mm

m 0.1 Lo —— 7z=5mm

_.-m . \M\m ,, \\ ,/ .

N \\ m/.m:‘ / \x, ;:/

Mb 0.05r mx\mﬂ | 1 m/r,m £ | /, S

i X h \ \m./mf D’Jm/Iu /o I

ﬂa mliﬁ.l.I-l.l.l.l.l.le.P.I.lrl\.l.r.r\WHm} mT‘\\m«/D

= 1, / \\ .4.;1. -

m 0r L

= X

<

S

0 _0.05

d 1
M IO._ [ /W
~—

D

=

= <015 | | | | | | |

= 0 0.002 0.004 0006  0.008 0.01 0.012 0.014 0.016

Cylindrical axis(Unit:Meter)

Figure 3. 9: Magnetic field gradients of planar coils for z component at given z value

37



The cylindrical axis indicates the distance from the centre of planar coils in Figure 3.9.
The vertical axis is represented as the amplitude and orientation of 0B,/0z. Readings are
taken on the y=0 plane at z=0.5, 1, 3, Smm. The four colours and line styles represent
each curve separately. Figure 3.9 shows that the magnetic field gradients (0B,/0z)
decreases dramatically with an increase in z. For a given z valve (z=0.5mm), the
amplitude of magnetic flux gradient for the z component is relatively small in the centre
area of multiple-circular current loops but large values are distributed away from the

central area.

3.4.2.2 Outer coils radius

Optimisation design for the outer coils radius must be considered. The parameters of

planar coils have to be set before numerical calculation. These are listed in Table 3.2.

Table 3. 2: Planar coils geometry with various outer radius

Copper Outer radius/inner
Inter coils Coil and magnet Space
track radius or R,/R;
radius distance or pitch
width (turn)

5 (11 turns), 8 (18
turns), 12 (28 turns)

2mm 3mm 0.4mm 0.4mm

Figure 3.10 illustrates numerical calculation curves which describe the z component of
magnetic field gradients along z axis direction for different outer radius. Outer radius of

coils are 10 mm, 16 mm, 24 mm respectively. The inner radius of coils is 2 mm.

38



0.04

2 —= Ro/Ri=5
T
F . — Ro/Ri=8
m CLLLLLLL] ‘—Nc\anﬂN
= 0.02
[P}
=
<
5 0.01
=
2
M o .-”.-.-..u-.%.(.r_.q.a:q.
o
S
s -0.01
=

IO.ON : , , | | | l | ,

0 0.2 04 0.6 0.8 | 1.2 14 1.6 1.8

r/Ro

Figure 3. 10: Magnetic field gradients of planar coils for z component at given outer radius

39



Figure 3.10 shows the magnetic field vs. r / R,. Readings are taken on the y=0 plane at
z=3mm below the surface of planar. Each curve in Figure 3.10 describes the z
component of the magnetic field gradients as a function of the distance radius from the
centre of the planar. They are represented by three colours and line styles. It shows that
the magnetic field gradients become strong in the small central area of planar coils when
the outer radius coils is enlarged. The magnetic field gradients increase when the ratio
of inner radius and outer radius increase from 5 to 8. There is, however, no marked

increase in the magnetic field gradient when the ratios of inner radius and outer radius is

12.

3.4.2.3 Inner coils radius

Inner radius of coils is an important parameter that should be considered. In order to
find the design rules of inner radius, the numerical calculation of magnetic field
gradients for inner radius is performed. The numerical calculation parameters are listed

in Table 3.3.

Table 3. 3: Planar coils geometry with various values of inner radius

outer coils and
Space or | Copper track | inner radius/Outer radius
coils magnet
pitch width or Ri/R,(turn)
radius distance

0.05 (20 turns ), 0.1 (19
16mm 3mm 0.4mm 0.4mm turns), 0.3 (15 turns), 0.5

(11 turns)

Figure 3.11 illustrates the properties of the magnetic field gradient along the z axis

direction of z component at various r value.
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The horizontal axis represents as ratio between the inner radius and outer radius in
Figure 3.11. The vertical axis represents the amplitude and orientation of the magnetic
field gradient. Each curve is presented as a function of the z component of magnetic
field gradients with the distance radius from the centre of the planar. Four curves are
drawn under condition of four inner radius for given z=3mm and outer radius=16mm. It
is observed (Figure 3.11) that the magnetic field gradient has a large drop when the ratio
of inner radius and outer radius decreases from 0.1 to 0.3. At the same time, the location
of the maximum valve of 0B,/0z shifts from radius of coils/Ro=0.1 to 0.3. The magnetic
field gradient is not sensitive to reduction of the inner radius when the ratio of inner

radius and outer radius is below 0.1.

3.4.2.4 Copper track width

The copper track width is the same as the wire diameter for circular wires and the width
for rectangular a cross-sectional area wire. Numerical calculation parameters for

examining copper track width are listed in Table 3.4.

Table 3. 4: Planar coils geometry with various of copper track width

inter Copper coils and
outer coils inner radius/ Space or
coils track magnet
radius width(turn) pitch
radius width distance

5 (18 turns), 10
(24 turns), 15 (27
2mm 16mm 0.4mm 0.4mm 3mm
turns), 20 (29

turns)
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Figure 3.12 shows the magnetic field gradient vs. r to outer radius. The vertical axis
indicates the amplitude and orientation of the magnetic field gradient. This figure shows
that a reduction of width of conductor increases the z component of magnetic field

gradient.

3.5 Driving circuit design

The purpose of the driving circuit for electromagnetic actuator is the supply of the
tuneable current to generate the magnetic field. It is well know that design parameters of
driving circuits can vary from case to case because of the coil impedance. The
operational or maximum current and voltage for the electronic component is calculated
based on the coil configuration. The performance of a driving circuit is decided by the
circuit layout and the quality of the components. Achieving a good dynamic
performance of driving circuits is also challenging. The simple audio amplifier is
selected to complete the function of the driving circuit. Figure 3.13 shows an example

of the driving circuit design.

The magnetic field created by a changing the current in the circuit itself induces a
voltage in the same circuit. The self-inductance voltage is defined by the ratio of the
magnetic flux linkage to the current through circuit [40]. The flux linkage is directly
proportion to the number of turns of coils, cross sectional area of conductor, current and
multiplicative inverse of coils radius [41]. Because the thickness of the conductor is
negligible as compared to the radius of the coils, the self inductance voltage is not a

factor in this study.
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3.6 Diaphragm design

The choice of pump diaphragm material can be particularly important. Desired
properties of pumping diaphragm are large deflection and good sealing. In addition, to
improve the achievable flow rate, a material that will allow the deflected membrane to
efficiently match and conform to the pumping chamber geometry is needed. For an
electromagnetic air pump driven by a low-frequency and/or low force actuator, a low
young modulus diaphragm material generally allows the volume change to be

maximised.

The vibration characteristic of a diaphragm is determined by the geometry and material
properties as well as boundary conditions. The diaphragm geometry is specified by its
shape and dimensions. And the material properties parameters influencing resonant

frequency include the density, residual stress, elastic modulus, and Poisson’s ratio [54].

3.6.1 Determining diaphragm materials

The choice of diaphragm material demands consideration of the frequency of vibration,
which is often dependent on the actuation method. Because of low working frequency
for electromagnetic diaphragm pumps, low-modulus diaphragm materials are better
choices to generate the maximum change in volume. Silicone rubber has low Young’s
modulus and durometer, as well as high elongation. These properties make it an
excellent choice for this task. Flexible diaphragms with large deflection amplitudes,

such as PDMS, are becoming more common as materials in diaphragm pumps.

Recently, PDMS material is receiving an increasing amount of attention from

researchers [55, 56]. It provides several advantages:

a) Bio- and chemical compatibility and safety;
b) At low temperature and short time periods, it acts like a viscous liquid. After a
long time periods curing, it acts like an elastic solid, similar to rubber;

¢) Suitable and cheap material for encapsulation.
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3.6.2 Dynamic properties of diaphragm

The dynamic characteristics of diaphragm deflection impact on the amounts of flow rate
production by the air pump. Dynamic properties of diaphragm vibrating are suggested
by Doebelin [57]. For a clamped edge diaphragm vibrating in a fluid, the lowest natural
frequency is given by the following equation (3.1) [57]:

10.21 Et?
= TR? | 12pg(1—v7) rad/s (3.1)
C= \/1 +0.6692LE (3.2)
pat

Where p; is the density of the fluid, pg is the mass density of the diaphragm material,

R is the radius of diaphragm, t is the thickness of diaphragm, E is Young’s module of

diaphragm, v is Poisson’s ratio.

As per equations (3.1) and (2.23), it is possible to understand in theoretically that the
volume change is increased with the diameter of the diaphragm but the trade-off is
reducing the natural frequency. Numerical calculation of maximum defection of
diaphragm was made according to the electromagnet, force produce and mechanical

models and given in next chapter.

3.7 Chamber configuration

A pump chamber (bounded on one side by the pump diaphragm) is the basic component
of air pump. Chamber configuration will influence the pressure characteristics, volume

stroke, and valveless channel or nozzle-diffuser loss coefficients significantly [1].

Most air pumps have a single chamber. In order to improve the performance of air

pumps, two and three-chamber configurations have been introduced in the Figure 3.14.
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Figure 3. 14: Various configurations of pumps [58]

In order to understand the best operational chamber configuration for pumps, Ullmann
[58] developed a model for the performance of a single and double-chamber pump.
Analysis and comparison of different combination modes also were explained,
including a single chamber pump (1), a double-chamber pump (2), a single chamber
with two times the stroke volume (3), a series connection of two single chamber pumps
(4), a series connection of two single chamber pumps with a middle buffer (5) and a

parallel connection of two single pumps (6).
Most of diaphragm air pumps have a single pump chamber. However, two pump

chambers arranged in parallel was intended to reduce oscillation in the pump output due

to periodic driver operation [59-61].
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3.8 Valve design

Valves are among the most important elements of a diaphragm air pump and the
promising flow control devices. Valve classification, illustrated in Figure 3.15,
generally can be classified into two categories: (1) Active valve, the closure and
opening of active elements is operated by means of an active external control; (2)
Passive valve, meaning that they do not include any actuation. The directional effect can
be obtained from the mechanical motion of an opening/closing element or from

dynamic flow directionality of the fluidic conduit, in the case of fixed elements.

Valve
[ |
Active Valve Passive Valve
| \
Check Valve Fixed Valve
— Flap — Nozzle/diffuser
L Ball L Tesla

Figure 3. 15: Valve classification

The first valveless miniature pump was presented in 1993 by E.Stemme. Pumps with
movable valves, and other pumps with movable parts such as rotating pumps, may
suffer from problems such as a high pressure drop across the valves and wear and
fatigue of the movable parts. This may result m reduced lifetimes and reliability. There
is also the risk that the valve action may cause damage to sensitive fluids. Therefore

there is a need for pumps with no movable parts valve [29].
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The geometry of the nozzle/diffuser is a very important factor impacting on the amount
of flow rate from the air pump. The determination of geometry for nozzle/diffuser is
complex and was not covered in this study. Much research on this topic has been
published [62]. Figure 3.16 shows the dimensional parameters of a flat-walled diffuser

element.

Figure 3. 16: Geometry of a diffuser element [62]

There are four important geometric parameters:

a. Area ratio AR =42/41

b. Divergence angle 20

c. Slenderness L/W1 or L/D

d. Aspect ratio AS=b/W'1

After careful consideration, this research was the system given in Figure 3.17 because

of smoothness of the flow.

Figure 3. 17: A flat walled diffuser element
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3.10 Summary

In the above work, the optimal design for electromagnetic coils has been done based on
electromagnetic and force production model. The results of numerical calculation allow
a chance to assess the design before physical building. An interesting property of the
distribution of the magnetic field gradient is symmetry. The height of cylindrical coils
could be considered as Cartesian coordinate translation. The methods for the air pumps
design including the electromagnetic coils, diaphragm, chamber configuration and
valveless channel are presented. Methods of fabrication and test for air pumps are

discussed in the next chapter.
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CHAPTER 4
AIR PUMP FABRICATION

4.1 Introduction

Chapter 2 describes the analytical models of the various components of a diaphragm air
pump. Using these models, some computations were conducted for design optimisation
and presented in the chapter 3. This chapter discusses fabrications of the air pumps. The
fabrication process of the air pump is detailed and the procedure of manufacturing of
electromagnetic coils, the chamber and the diaphragm are given. Generally, the
methods of fabrication used in the prototype and commercially may be different. Cost
and quality are the priories to be considered in commercial manufacturing. However

researches would like to take notice of rapid and flexibility.

4.2 Air pump design

Details for air pump design using methods presented in the chapter 3 will be outlined in
the following section. The physical dimensions of two types of electromagnetic coils,
flat planar and cylindrical, are determined. The shape and size of chambers are
developed. According to the model, presented in the chapter2, the maximum central

deflection of diaphragm is calculated. The geometry of nozzle element is developed.

4.2.1 Electromagnetic coils design

According to numerical calculation results of design optimisation for the

electromagnetic actuation, two types of electromagnetic coils were designed.
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4.2.1.1 Flat planar coils

A flat planar coil was proposed to be designed to produce the required magnetic field
gradients along the z axis direction. Minimising power consumption is also considered.
To utilise the full range of the power amplifier (1-2A), the planar coil was designed to
carry 3 Amps peak current. This was limited by the capability of the printed circuit
board. Employing traditional PCB technology, the complex pattern of planar could be
transformed on the PCB with small package size. In addition, they are easy to integrate
into an air pump. This planar coil on PCB is designed by CAD software (Altium

designer winter 09). The main design parameter is presented as in Table 4.1.

Table 4. 1: Planar coils design

PCB material Internal External Space or Copper track

and type Radius Radius pitch width
P —|
FR4,singal
" 1.6mm 16.4mm 0.4mm 0.4mm
side

4.2.1.2 Cylindprical coils

Conventional cylindrical coils can generate strong magnetic field gradients, but less
current consumption. Configurations of cylindrical coils were optimally designed to be
in accordance with the numerical calculation results of the electromagnetic model. The
particular bobbin is needed for the special case of coil configurations. Bobbin was
designed using CAD software the Solidwork 2009. The 0.25mm diameter enamelled
copper wire was selected to carry a maximum 0.5mA current. A sketch of the structure
of bobbin is presented in Figure 4.1. Geometric parameter of the special bobbin is

shown in Table 4.2.
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Table 4. 2: Design parameters of the bobbin

A B C D H
I
60mm gmm 10mm 14mm 2mm

Figure 4. 1: Sketch of the structure of the bobbin

4.2.2 Small deflection of diaphragm

Using equations (2.15, 2.16 and 2.17) built in chapter2, numerical calculations were
conducted by Matlab. Figure 4.2 shows the relationship between the amplitude of
current and the maximum central deflection of PDMS diaphragm as a linear function.

Conditions of numerical calculation are listed in Table 4.3.
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Table 4. 3: Numerical calculation parameters of small deflection

Electromagnetic planar coils

inter coils outer coils
Space or pitch | Copper track width turn
radius radius

1.6mm 16.4mm 0.4mm 0.4mm 20

Permanent magnet(cylindrical shape)

diameter thickness coils and magnet distance

12mm 2mm 3mm

Circular PDMS diaphragm'"

Poisson’s
thickness Young’s modulus'? Bl diameter
ratio

0.23mm 0.8x 10° 0.5 32mm

[ Boundary condition is clamping.

(2131 Y oung’s modulus and Poisson’s ratio depend on fabrication process [64] .
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Figure 4. 2: Numerical calculation of maximum deflection of diaphragm
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4.2.3 Large deflection of diaphragm

Using equations (2.15, 2.17 and 2.21) in chapter2, numerical calculations were made by
Matlab. Figure 4.3 shows the relationship between the amplitude of current and the
maximum central deflection of PDMS diaphragm. Numerical calculation parameters for

the large deflection of diaphragm are listed in Table 4.4.

Table 4. 4: Numerical calculation parameters for large deflection

Electromagnetic cylindrical coils

outer
inter coils Space or
coils Copper track width height
radius pitch
radius
P —
7mm 24mm 0 0.27mm 8mm

Permanent magnet (square shape)

Diameter Thickness coils and magnet distance

|
6mm 4mm Imm

Circular PDMS diaphragm[‘”

thickness Young’s modulus Poisson’s ratio Diameter

0.23mm 0.8x 10° 0.5 50mm

I Boundary condition is clamping.
Using equations (2.15), (2.17) and (2.19), numerical calculations were made by Matlab.

Results are shown in Figure 4.3.
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Figure 4. 3: Numerical calculation of large deflection of PDMS diaphragm
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Figure 4.3 shows the relationship between the load and maximum deflection of
diaphragm as a non-linear function. The deflection of the diaphragm increase rapidly
when the load is enlarged from zero to 0.005 N. The increase of the deflection for

diaphragm is not significant when the load is over 0.01N.

4.2.4 Chamber and nozzle element

A circular shape of a double chamber with one diaphragm was considered. The diameter
of the chamber is 32mm.The sketch of structure this type of air pump is shown in Figure

4.4.

Nozzle/diffuser channel

11

Figure 4. 4: A chamber with nozzle/diffuse (explode view)

A circular shape of single chamber with 50mm diameter was designed. The sketch of
arrangement for electromagnetic coils, chamber and nozzle/diffuser channel
components is presented in Figure 4.5. Typical value of flow rectification efficiency of
diffuser is in the range of 0.01----0.05.
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Coils

‘ }<~Chamber

4— Nozzle/diffuser element layer

Figure 4. 5: Configuration of single chamber

The dimensions of the propose diffuser element in this study is shown in Figure 4.6.

Chamber Outlet

Diffuser element

Figure 4. 6: Dimensions of a diffuser element (Unit: mm)
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4.3 Air pump fabrication

Last section shows details of air pump design involved in some components such as
electromagnetic coils, chamber and nozzle/diffuser element. Fabrication for the air
pumps will be presented in the following section. It includes that fabrication of
electromagnetic coils, PDMS diaphragm, chamber, nozzle/diffuser elements as well as

assembly of the air pumps.

4.3.1 Electromagnetic coils fabrication

In general, there are two methods for wire winding, conventional wire-winding and
printed circuit board technology, which can be utilised for fabrication of

electromagnetic coils. These methods will be discussed shortly.

4.3.1.1 Conventional wire-winding

Conventional wire-winding technology for fabrication of coils is simple. According to
the electromagnetic coils design, the shape and dimension bobbin must be determined.
After bobbin construction, the suitable diameter of enamelled copper wire will be wind

around it by manual or winder machine.

The cylindrical coils utilise the traditional technology. Some drawbacks of this
technology are space occupation and heat dissipation. It is obvious that this technology
has less capability to built complex patterns of electromagnetic coils. However, it is

available and easy to use.

4.3.1.2 Cylindprical coils

A special bobbin was manufactured by the rapid prototype technology—3D printing.
Cylindrical coils were manufactured by the Marque Magnetic Company (see Figure 4.7).
The cylindrical coils consist of the standard enamelled copper wire (AWG 30).
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Figure 4. 7: Cylindrical coils

4.3.1.3 Printed circuit technology

A printed circuit board, or PCB, is used to mechanically support and electrically
connect electronic components using conductive pathways, tracks or signal traces
etched from copper sheets laminated onto a non-conductive substrate. The major steps
involved in the fabrication process of electromagnetic coil on the single-sided PCBs are
pattern transform, electroplating, etching. The PCB technology is more affordable and

has the capability to transform complex pattern of 2D planar coils.

4.3.1.4 PCB planar coils

PCB technology uses printed circuit boards consisting of epoxy laminate (FR4) with
copper coating on one side (Figure 4.8). The copper track space is 0.4mm and it can be

manufactured locally. The connected wire was soldered by hand.
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Size 32mm

Connected
wire to
driving circuit

Figure 4. 8: PCB planar coils

The inner radius and outer radius of the planar coils are 1.6mm and 16mmrespectively.
These boards are structured by drilling and milling (for the whole board) and by etching
for the copper plating. These boards and the treatment are standard in the electronic

industry and are inexpensive.

4.4 PDMS Diaphragm

The following section shows the procedure of thin PDMS diaphragm made. Also the
PDMS diaphragm embedded with magnet as well as corrugated diaphragm are

presented in the section.

4.4.1 Procedures of PDMS diaphragm

The schematic procedure for fabrication of thin PDMS (Sylgard@ 184, silicone
elastomer kit) diaphragm is shown in Figure 4.9.

63



90% base

10% curing agent Mixture and stirring

- Watch glass

Refrigerated
incubator shaker

PDMS

(d)

Oven

(e)

Figure 4. 9: PDMS manufacturing procedure
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Fabrication procedures of PDMS diaphragm are described in the following steps:

Step 1: Pour the required amount of curing agent into a clear container on the electronic

balance. Keep in mind that PDMS base added should be 10 times this weight.

Step 2: Carefully pour the required amount of PDMS base — this is 10 times the weight

of the curing agent already measured.

Step 3: Thorough mixing with glass stick ensuring that the curing agent is uniformly

distributed — this will ensure that the final PDMS mould is uniformly cross linked.

Step 4: The mixture must be vacuumed to eliminate the trapped air bubbles.

Step 5: Once a clear, bubble free PDMS mixture is obtained, it is poured over the watch

glass or moulds.

Step 6: Place the watch glass or moulds into low temperature oven.

Step 7: Curing is done by placing the PDMS with watch glass or moulds in an oven at
70°C. Duration of heating is between 6-8 hours. Cured PDMS cease to be sticky — and
this can be tested by prodding with a sample holder.

Step 8: Wait for the PDMS to cool. After this, tweak around the edges with a sharp

knife, trying to get a grip of the PDMS at an edge. If the PDMS is suitably cured,
application of a steady pressure should help peel off the PDMS completely with ease.

4.4.2 Diaphragm embedded with permanent magnet

Figure 4.10 shows the PDMS diaphragm embedded with a permanent magnet.
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Permanent
magnet

Figure 4. 10: PDMS diaphragm embedded with permanent magnet

In this work the electromagnetic actuator is with moving magnet. In order to achieve the

large deflection of diaphragm, the magnet has to be embedded at the diaphragm centre.

4.4.3 Corrugated PDMS Diaphragm

Preliminary investigation has indicated that the deflection of the diaphragm given above

are relatively small. To improve this corrugation diaphragm is proposed.
The thin PDMS diaphragm is corrugated as shown in Figure 4.11.

Figure 4.12 shows mould tools. The material of the moulds tools is acrylic. The mould

tools are designed by the solidwork2009, and built by the CNC machine.
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Figure 4. 11: Corrugated PDMS diaphragm

(b)

Figure 4. 12: Tools for corrugated PDMS diaphragm (a) Cavity and (b) Core
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4.5 Chamber and valveless fabrication

Lasers may be used to cut or shape a wide variety of materials. By cutting, we mean
vaporization of material along a line, so as to separate the work piece into separate parts.
Lasers have been widely used for cutting of plastics. The resulting edge quality

may vary greatly, depending on the exact composition of the material and the
parameters of the cutting operation [63]. Figure 4.13 illustrates how the edges of some
common plastics typically respond to the laser cutting operation. A number of plastics

can be cut well, but others often yield discoloured or charred edges.

Plastics that are easily cut with good edge quality:

* Acrylic

* Polyethylene

« Polypropylene

* Polystyrene
Plastics that are subject to edge deterioration, ranging from mild discoloration to burning,
depending on the exact parameters of the cutting operation:

« Cellulosics

* Fluoropolymers

* Nylon

* Polyesters

« Silicones

» Polyurethane
Plastics for which the edge is always charred to some degree:

* ABS

* Epoxy

* Phenolics

* Polycarbonate

* Polyimide

* Polyvinyl chloride

Figure 4. 13: Cutting of plastics[63]

Acrylic glass is a suitable material to build the chamber and the nozzle/diffuser channel.
Acrylic glass is a widely used polymer in the industry because of its low price and good
chemical resistance to many products. This material is well adapted to many
biochemical applications, and is of particular interest to fluid applications. In this

research acrylic glass was chosen to build the chamber and the nozzle/diffuser channel
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for its good mechanical properties, good optical properties and well-known chemical

properties.

Laser cutting is used to form the proposed design from acrylic glass sheets. It vaporises
to gaseous compounds upon laser cutting, so a very clean cut is made, and cutting is

performed very easily.

4.5.1 Chamber and nozzle/diffuser elements manufacture

The complete air pump is fabricated from several acrylic glass layers. The PDMS
diaphragm was clamped between two acrylic glass layers. The nozzle/diffuser channel

was built in an acrylic glass layer.

Figure 4. 14: Double chambers with one diaphragm
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Figure 4. 15: Chamber with nozzle/diffuser under it

Two types of chambers with nozzle/diffuser elements were designed and built in this
project. One is double chambers (32mm diameter) with one diaphragm in the middle
and nozzle/diffuser along two sides (see Figure 4.14). The other is one chamber (50mm
diameter) with nozzle/diffuser elements under it (see Figure 4.15). All acrylic glass

layers were fabricated by a laser cutting machine.

4.6 Air pump assembly

Two types of electromagnetic air pumps are assembled without driving circuit. The
proposed air pump type single actuation (see Figure 4.16) is assembled by cylindrical
coils and single chambers. The proposed air pump type double actuation (see Figure

4.17) is assembled by cylindrical coils and double chambers with one diaphragm.
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Figure 4. 16: Single actuation air pump

Figure 4. 17: Double actuation air pump
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4.6 Summary

Outcomes of this chapter are fabrications of all components of an air pump, such as
electromagnetic actuator, chamber and nozzle/diffuser elements. The technology of
fabrication for electromagnetic coils, chamber and valveless are outlined in this chapter.
The next chapter will present experimental investigation for the entire of the fabricated

pump with valveless.
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CHAPTER 5
TESTING AND RESULTS

5.1 Introduction

This chapter presents test setups and experimental results. It includes two sections, first
section shows details of the experimental setups and instrumentations utilised in this
work for evaluating the characterises of the actuator and air pump, the second section

analyses the experiment results.

5.2 Experiment setup

Air pump performance was assessed by measuring the deflection of PDMS diaphragm
at the centre, as well as measuring the flow rate at the output of the air pump. The
configurations of the measurement setups for the deflection of PDMS diaphragm and

flow rate of the air pump are presented in the following section.

5.2.1 Deflection of PDMS diaphragm

Figure 5.1 shows a schematic diagram of the experimental investigation used to
measure the central deflection of the PDMS diaphragm. It consists of two sections:
namely actuation and measurement. The actuation section consists of a function
generator (HP 33120A) which supplies a signal to an amplifier (LDS 25E). After the
voltage signal is amplified, it goes through the electromagnetic coils. The measurement
section consists of a Laser Doppler vibrometer (OFV-5000) which detects the central
deflection of the PDMS diaphragm. The output signal of Laser Doppler vibrometer is
sent into the oscilloscope (TDS1012). The current through the electromagnetic coils is

monitored by a precision digital multi-meter (HP33401A).
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Figure 5. 1: Experimental setup of diaphragm deflection measurement
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5.2.2 Flow rate

Figure 5.2 shows a schematic diagram of the experimental setups for measurement of
the air pump flow rate. In the actuation section, configurations and instrumentation of
the experimental setups are similar to those used for the central defection of PDMS
diaphragm measurement. In the measurement section, the flow rate from the output of
the air pump is detected by the flow meter (wavefront THOR D22/5B). The detected

signal from the flow meter is sent to a computer to be collected and recorded.

Figure 5. 2: Experimental setup of flow rate measurement
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5.3 Air pump test

The main purpose of the experimentation is to determine the performance of the air
pump in terms of PDMS diaphragm deflection, frequency of oscillation and air flow
rate delivery. The performance for two types of air pumps, single-acting and double-

acting is investigated.

5.3.1 Deflection of PDMS diaphragm test

Two types of tests using the experimental setups introduced in Figure 5.1 were
conducted. The first was to investigate the central deflection of PDMS diaphragm at
various amplitudes of driving current (fixed frequency) supplied to the electromagnetic
coils. The second was to measure the central deflection of PDMS diaphragm at various

frequencies of the driving current (fixed amplitude).

Each electromagnetic actuator was fixed on the solid support (see details in Figure 5.3).
The function generator (HP 33120A) supplies a sine signal to the amplifier (LDS 25E)
which produces the driving current to the electromagnetic coils. A high precision multi-
meter (HP33401A) is connected in series to the electrode of the electromagnetic coils.
The laser beam of LDV (OFV-5000) is aligned and focused to the centre of PDMS
diaphragm.
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Figure 5. 3: Measurement of diaphragm deflection

5.3.1.1 Fixed frequency of driving current

The central deflection of two PDMS diaphragms of different size (32mm and 50mm

diameter) was tested using the experimental setups presented in Figure 5.1.

PDMS diaphragm (32mm diameter)---- Fixed frequency

The central deflection of PDMS diaphragm (diameter 32mm) was measured in the range
of the amplitude of the driving current increased from 0.1A to 1.3A while the frequency
is fixed at 45 Hz. This frequency is selected to be around the resonance frequency, and
the amplitude of current is limited by the safe operation allowed by the driving circuit.
Table 5.1 gives the central deflection of PDMS diaphragm at various amplitudes of

driving current with fixed frequency.
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Table 5. 1: Experimental results of diaphragm deflection

LDV
Peak Peak to peak Current Maximum
measurement
current voltage frequency deflection
range
(unit: A) (unit: V) (unit: Hz) (unit: mm)
(unit: um/s/V)

P EEEE——§—§—§—§—a——€—€—€§—€§$§—§—S——————“—“M—™—sg~
0.1 0.148 640 45 0.004
0.2 0.296 640 45 0.093
0.3 0.436 640 45 0.141
0.4 0.592 640 45 0.189
0.5 0.78 640 45 0.233
0.6 0.88 640 45 0.2816
0.7 1.06 640 45 0.346
0.8 1.2 640 45 0.384
0.9 1.42 640 45 0.448

1 1.72 640 45 0.512
1.1 1.74 640 45 0.55
1.2 1.86 640 45 0.595
1.3 2.02 640 45 0.646

PDMS diaphragm (50mm diameter) ---- Fixed frequency

For the central deflection of the 50mm diameter PDMS diaphragm, the test procedure

was repeated and the experimental results are shown in Table 5.2.
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Table 5. 2: Experimental results of diaphragm deflection

LDV
Peak Peak to peak Current Maximum
measurement
current voltage frequency deflection
range
(unit :A) (unit: V) (unit: Hz) (unit: mm)
(unit: um/s/V)
e —
0.01 0.66 0.64 43 0.2112
0.02 0.576 1.28 43 0.36864
0.03 0.92 1.28 43 0.5888
0.04 1.26 1.28 43 0.8064
0.05 0.82 2.56 43 1.0496
0.06 0.96 2.56 43 1.2288
0.07 1.06 2.56 43 1.3568
0.08 1.18 2.56 43 1.5104
0.09 1.26 2.56 43 1.6128
0.1 1.34 2.56 43 1.7152
0.11 1.42 2.56 43 1.8176
0.12 1.48 2.56 43 1.8944
0.14 1.58 2.56 43 2.0224
0.16 1.72 2.56 43 2.2016
0.18 1.8 2.56 43 2.304
0.185 1.84 2.56 43 2.3552

5.3.1.2 Fixed amplitude of driving current

The central deflection of two PDMS diaphragms of different size (32mm and 50mm

diameter) was measured at various of frequencies of driving current with fixed

amplitude.
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PDMS diaphragm (32 mm diameter) ----Fixed current amplitude

The central deflection of PDMS diaphragm (diameter 32mm) was tested by applying
driving current in the range of 40 Hz to 60 Hz while the amplitude is fixed at 1 A as
per Figure 5.16. Table 5.3 gives the central deflection of PDMS diaphragm at various

frequencies.

Table 5. 3: Central Deflection of 30mm PDMS diaphragm

LDV
Peak Peak to peak Current Maximum
measurement
current voltage frequency deflection
range
(unit :A) (unit: V) (unit: Hz) (unit: mm)
(unit: um/s/V)
P E——§—_—m—§§
1 1.17 640 40 0.374
1 1.24 640 42 0.397
1 1.6 640 46 0.512
1 2 640 49 0.64
1 2.08 640 50 0.66
1 2.24 640 54 0.717
1 1.44 640 60 0.46

PDMS diaphragm (50 mm diameter) ----Fixed current amplitude

Utilising the same experimental setups (see Figure 5.16), the central deflection of the PDMS
diaphragm (diameter 50 mm) was measured in the range of frequency from 20 Hz to 160 Hz
while the amplitude of applied driving current is fixed at 0.058 A. Table 5.8 gives the central
deflection of PDMS diaphragm applied the driving current with a variety of frequency. Table
5.4 shows that the first and second natural frequencies are about 30 Hz and 50 Hz

respectively.
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Table 5. 4: Central deflection of S0mm diaphragm

Peak to

Peak current peak Peak to peak Current Maximum

(unit :A) voltage | voltage (unit: V) frequency deflection

(unit: Hz) (unit: mm)

(unit: V)

0.058 0.64 2.02 20 0.6464
0.058 0.64 2.08 25 0.6656
0.058 0.64 2.48 30 0.7936
0.058 2.56 0.768 35 0.98304
0.058 2.56 0.496 40 0.63488
0.058 2.56 0.608 45 0.77824
0.058 2.56 0.632 46 0.80896
0.058 2.56 0.648 47 0.82944
0.058 2.56 0.656 48 0.83968
0.058 2.56 0.608 49 0.77824
0.058 2.56 0.368 50 0.47104
0.058 2.56 0.14 60 0.1792
0.058 2.56 0.083 70 0.10624
0.058 0.64 0.432 80 0.13824
0.058 0.64 0.32 90 0.1024
0.058 0.64 0.256 100 0.08192
0.058 0.64 0.264 110 0.08448
0.058 0.64 0.32 120 0.1024
0.058 0.64 0.368 130 0.11776
0.058 0.64 0.416 140 0.13312
0.058 0.64 0.464 150 0.14848
0.058 0.64 0.088 160 0.02816
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5.3.2 Corrugated diaphragm

The central deflection of the corrugated PDMS diaphragm with 0.8mm thickness and 50
diameters was measured with a range of amplitudes of driving current while the
frequency is fixed at 30 Hz. The amplitude of the driving current is increased from 0.2
A to 1A. Table 5.9 gives the central deflection of corrugated diaphragm for various

amplitudes of driving current.

Table 5. 5: Central deflection of corrugated PDMS diaphragm

LDV
Peak to peak Current Maximum
Peak current measurement
voltage frequency deflection
(unit :A) range
(unit: V) (unit: Hz) (unit: mm)
(unit: mm/s/V)
|
0.2 1.12 0.64 30 0.36864
0.3 1.56 0.64 30 0.5888
0.4 2.02 0.64 30 0.8064
0.5 2.6 0.64 30 1.0496
0.6 1.6 1.28 30 1.2288
0.7 1.92 1.28 30 1.3568
0.8 4.16 0.64 30 1.5104
0.9 2.32 1.28 30 1.6128
1 2.48 1.28 30 1.7152
1.1 2.68 1.28 30 1.8176
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5.3.3 Flow rate measurement

The maximum flow rate of two types of the air pump (single and double action) was
measured using the experimental setups (see Figure 5.2). The flow rate of the output of
the air pump was detected by the flow meter (wavefront THOR D22/5B). The detected

signal was collected and recorded by computer (see Figure 5.4).

Figure 5. 4: Flow rate measurement

5.3.3.1 Single acting air pump

Utilising the same experimental setup of flow rate measurement (details see the Figure
5.4), the flow rate of the output of the proposed single acting air pump was measured.
The amplitude of driving current is increased from 0.1 A to 0.23 A while the frequency
is fixed at 50 Hz. The flow rate of the output of the proposed single acting air pump is
measured by the flow meter (wavefront THOR D22/5B). Figure 5.5 shows the
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experimental data which indicate the relationship between the amplitude of current and

flow rate of the output of the proposed single acting air pump.

4.5
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Figure 5. 5: Flow rate vs. amplitude of driving current for the proposed single
acting air pump

5.3.3.2 Double acting air pump

Utilising the same experimental setup of flow rate measurement, the flow rate of the
proposed double acting air pump was measured. The amplitude of the driving current is
increased from 0.02 A to 0.23 A while the frequency is fixed at 60 Hz. Figure 5.6 shows
the experimental data which describes the relationship between the amplitude of current

and flow rate of the output of the proposed single acting air pump.
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Figure 5. 6: Flow rate vs. amplitude of driving current for the proposed double
acting air pump

5.4 Summary

The characteristics of the central deflection of PDMS diaphragm were experimentally
investigated in this chapter. Also the performance of two types of the proposed air pump
was evaluated by the experimental method. In this chapter, the details of experiment is

presented and experimental results is listed.

The next chapter examines those results and draws conclusion about the feasibility of

using electromagnetic actuator in small air pump.
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CHAPTER 6
DISCUSSION

6.1 Introduction

In this chapter, the experimental results are analysed and compared with the numerical
calculation of the models. Some discussions including the magnetic field,
electromagnetic force, deflection of diaphragm and configuration of chamber are

presented in the following section.

6.2 Force generation

The force on a magnetic cylinder or cube due to a planar or cylindrical coil depends on

the magnetic field gradient and the amplitude of the driving current.

6.2.1 Magnetic fields of circular planar coils

From the numerical calculations for distribution of magnetic field (refer to Figures 3.7
and 3.8), some points are presented. It is seen that the value of magnetic field gradients
(VB,) of z component deceases with increasing z value (coils and magnet distance). The
maximum amplitude of magnetic field gradients (VB,) is not located at the original
centre for a given z value. The amplitude of magnetic field gradients (VB,) starts from a
relatively large value to a maximum value, then reduces gradually with an increase of x

for a given z value.

The amplitude of the magnetic field falls off toward the outer rim of planar coils and the

valve of B, eventually becomes negative, indicating the bending of the field flux lines.
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Increasing the cross-section area of a conductor allows higher current intensities,
resulting in increased magnetic flux intensity. Conversely, reducing the conductor width
produces high field gradients due to more turns of coils. The magnetic field gradients
(VB,) increase linearly with the amplitude of current and inversely with size (radius) of

the planar.

It is intuitive that increasing the number of turns of planar coils would increase the
overall magnetic field gradient. Through investigations of distribution for magnetic field
gradient vs. geometric parameters of planar coils, referring to design optimisation in the
chapter 3, some views are discussed here. It has been observed in this study that adding
an extra turn to the planar coils at its periphery has a progressively reduced impact on
magnetic field gradient. In addition, the magnetic field gradient along the centreline of
the planar coils increases with reducing inner radius. However, the influence on the
magnetic field gradients decreases rapidly when inner radius of planar is reduced to

smaller than the specified value.

Strong strength of a magnetic field gradient distributed inside a magnetic cube produces
large force. Due to the effects of the number of turns, the cylindrical coils produce the

large amounts of force than the planar as the same driving current.

6.2.2 Electromagnetic coil fabrication

Increasing the amplitude of the driving current for enlarging force always have some
limitations such as the capability of carrying current for the coils, heat dissipation and

conductor insulation.

Common coil materials are copper, aluminium and silver (material properties list in

appendix A.8). Copper is best material to built electromagnetic coils.

The conventional wire winding technology for fabrication of electromagnetic coils have
a large advantage of space saving. However, there is a disadvantage of this technology

involving in bad the heat dissipation.
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Distribution and strength of the magnetic field depend on the geometrical pattern and
dimension of electromagnetic coils. Thus, it is important for electromagnetic coils can
be built with complex pattern (refer to Figure 4.8). The PCB technology of fabrication
of coils has an advantage of complex pattern transformation. In addition, the capability
of carrying current for copper track depends on their thickness. Generally, the copper

track on the PCB can afford more amount of current than same size of copper wire.

6.3 Diaphragm deflection

Characteristics of diaphragm deflection including deflection shape, maximum deflection
and natural frequency are keys of performance of actuators and air pumps. Diaphragm
deflection depends on the electromagnetic force, mechanical properties of diaphragm,

geometry of diaphragm and edge conditions.

The shape of PDMS diaphragm deflection is a hemispherical dome under the concentric
load. The boundary condition is also an important factor impacting on the defection of

PDMS diaphragm.

Referring to the experimental results (see Table 5.1), they indicates that the relationship
between the force and small deflection of diaphragm is linear. Comparison between the
experimental results and numerical calculations of a small deflection of PDMS
diaphragm (see Figure 4.2) at centre shows close agreement. However, experiment
results (see Table 5.2) shows that adding force to the PDMS diaphragm has a
progressively reduced influence on its large deflection. Thus the theory of membrane
deflection could be a suitable method of analysis. A primary indication of membrane

deflection is given by the ratio radius / thickness falling between 80 and 100.
Refer to experimental results (see Tables 5.3 and 5.4), the maximum deflection at the

centre increases with the increasing size (radius) of diaphragm under the concentric load.

At same time, the first natural frequency of diaphragm deflection is decreased.
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The experimental results (see Table 5.5) supply strong evidences of advantage for
corrugated diaphragm utilisation. If the thin diaphragm is corrugated, the deflection of

diaphragm will be greater flexibility and sensitivity to the load variation.

The shape of the radial cross-section of the diaphragm is called its profile and the load-
defection characteristic is influenced by the profile. Corrugation results in stress largely
due to bending rather than tension. The defection at the centre will be as much as 2% of
the diameter of the diaphragm, and the characteristic can also be made non linear by the

choice of the profile [65].

6.4 Flow rate of air pump

The experimental results (see Tables 5.5 and 5.6) show that the relationship between the
amplitude of driving current and flow rate of the proposed air pump is linear. These
results give strong evidence that the flow rate of the proposed air pump is controllable.
It is feasibility to design open loop control system for a diaphragm air pump using the

internal system variable, such as amplitude of current.

6.5 Configuration of chamber

The proposed type double acting air pump has two chamber arranged in parallel. This
configuration was intended to reduce oscillation of flow in the pump output due to

periodic driver operation.

Approach of enlarging signal chamber size is not a good strategy to increase the flow
rate of air pumps, because large size of chamber trade off less operation frequency.

Configuration of multiple chambers is best way to increase flow rate of air pumps.

6.6 General discussion

Two types of air pumps were fabricated in this work to serve as models verifications of
air pumps. Through assessments by experiments, two types of air pumps show their
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capabilities of producing relative large flow rate. From air pumps built in this work,
design and fabrication of air pump have been demoanstrated. Therefore the results from
this work have shown sufficient feasibility of using electromagnetic actuator in small air
pumps. It is well know that diaphragm air pump using electromagnetic actuator is not
simple system due to it involving in three working mechanism such as electric,

mechanic and fluid. Some suggestions for future work are presented in the chapter 7.
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CHAPTER 7
CONCLUSION AND FUTURE WORK

7.1 Conclusion

The main aim of this work is to develop an electromechanical air pump. This includes
studying the performance and design for an electromagnetic actuator with less power
consumption and small sizes. In this study the proposed electromagnetic actuator were
developed and their performances were investigated. The performance of the proposed
electromagnetic air pumps (types of single acting and double acting) was also
investigated. This project has accomplished the objectives set out initially as listing in

the following:

1. Develop relative accurate models for diaphragm air pumps using

electromagnetic actuator.

a) The electromagnetic model was used to investigate magnetic field

distribution of planar coils.

b) The mechanical model to determine the deflection of diaphragm was

validated against experimental data and show good agreement.

¢) The fluid model used to investigate the flow rate of air pump was

validated against experiment data.

2. Investigate design methods for diaphragm air pump using electromagnetic

actuator.

a) Design optimization of planar coils was validated by the agreement

between the numerical calculation and experimental data.

b) Geometry of nozzle element design was met the objective.
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3.

Fabricate of air pumps and investigate the fabrication of electromagnetic coils

methods of air pumps.

a) Two types of air pumps were built and met with the objectives of this

work.

b) This research has also investigated two technologies for electromagnetic

coils fabrication.

7.2 Recommendations for Future Work

In this study the initial focus of the research effort was to develop the models of

actuation behaviour of the electromagnetic actuator and to explore how this may be

exploited in an air pump application. The present work has been successful in

miniaturisation of the air pump by design optimisation for the electromagnetic actuation.

However, further work is needed which may include the following:

a)

b)

d)

The theoretical model of the magnetic field produced by the current in a square

spiral

The theoretical model of the magnetic field produced by a current-carrying N-

sided (for example: N=4, 5, 6) planar polygon coils

The small size of coils is constructed from an array of circular loops joined to
each other. The theoretical models of the magnetic field produced by this type of
coils might be of interest because it is possible to manipulate the magnetic field

intensity for the specific zone.

The fabrication approach of miniaturising the cylindrical coils.

The development of an analytic expression of the magnetic field distribution of

the cylindrical or rectangular permanent magnet.
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f) The investigation of the magnetic field produced by the electromagnetic coils
and magnet has merit to be explored for its application into electromagnetic

NDT and MRI technique.

g) The air pump could be integrated with other component, such as fluidic channel

and detect element, to create an analysis system using PCB technology.

These brief statements are provided merely as a guide to future work. Any work to
further develop the air pump will likely be undertaken with regards to the consideration

of specific application.
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Appendix

A.1 Terminology

Sometimes the words "pump" and "compressor" are used interchangeably, but there is a
difference. A pump is a machine that moves a substance (either liquid or gas) from one
place to another. A compressor is a machine that squeezes a gas into a smaller volume
and pumps it somewhere else at the same time. While pumps can work on either liquids
or gases, compressors generally work only on gases. That is because liquids are very

difficult to compress.

Pumps
e A pump is a machine for raising a liquid - a relatively incompressible fluid - to a

higher level of pressure or head.

Compressors
e A compressor_is a machine for raising a gas - a relatively compressible fluid - to

a higher level of pressure.

Air pumps or air delivery units
e An air pump or air delivery unit (ADU) is a machine for moving volumes of a

gas with low increase of pressure.

A.2 Coordinate system and transformation

In general, the electromagnetic field is produced in space when the charges are moving
with constant velocity. This requires using a suitable coordinate system to define all the
points in space uniquely. In the following section, the Cartesian coordinate system and

circular cylindrical coordinate system will be used to represent a point or vector.

1) Cartesian coordinates system (X, y, X)

A vector A in Cartesian coordinate can be represented as:
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(Ac, Ay, A;) or  AjatAya,tAsa, (A.1.1)

Where a,, ay, and a, are unit vectors along the X, y, and z direction.

1

i

i

1

i

i

1

i

i
v

QI

N

Figure A.1. 1: Differential volume element in Cartesian coordinates system

1)

Each coordinate value of the point Q whose the coordinate are x, y, and z, can be
increased by the differential amount and obtained the point Q’ whose the
coordinate are x+dx, y+dy, and z+dz. This differential element has volume:

dx - dy - dz and surface area ds:dx - dy; dx - dz; dy - dz.The distance between

the point Q and Q’ is 1/dx? + dy? + dz2.
Circular cylindrical coordinate system

A Q point in a cylindrical coordinate system is represented as :(r ,0,z) and is

illustrated in the following Figure A.1-2
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Figure A.1. 2: Variables in the Cartesian coordinate system and cylindrical system

A vector A in cylindrical coordinates can be written as:
(Ar,Ap, A;) or AratAgagtAsa, (A.1.2)

A point from the Cartesian coordinate system (X, y, z) can be transformed to the

cylindrical system (r, 0, z) and vice versa obeying the following rules:

= 2 2 — -1y __
r=4/x*+y4, 6 =tan 772 (A.1.3)
Or

xX=r-cos@, y=r-sinf, z=z (A.1.4)
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The differential volume element in a circular cylindrical coordinate system might be

obtained by increment dr, d0, and dz. The differential element volume is r -dr -df- dz.

Y
dz
X \\\
\
6 do
r+dr

Figure A.1. 3: Differential volume element in cylindrical coordinate system

A.3 Basic vector analysis

A.3.1 Unit vector operation

Unit vector operation is one of the instructions that must be obeyed for obtaining the
component when a vector cross product is done. In the Cartesian coordinates system,

unit vector operation is carried out as:

ay -ay=ay: ay =a, a,~1 (A.2.1)

a, -ay=ay- a, =ay- a,=0 (A.2.2)
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ax Xay= a, (A.2.3)
ayxa, = a (A2.4)

a,X a, = ay (A.2.5)

In the circular cylindrical coordinate system, the rules of unit vector operation are as

following:

a,-a,—ag-ag=4a,-a, =1 (A.2.6)
a, 29 =ag-a;=a,-a,=0 (A.2.7)
a, Xag= a, (A.2.8)
agXa, = ar (A.2.9)
a,X a, = ag (A.2.10)

A.3.2 Vector cross product

If we assume vector A cross product vector B, the rules of cross product can be shown
as the following equation in the Cartesian coordinates system and Circular cylindrical

coordinate system:

AXB= (AyB,-A,B,) a,+ (A, By A, B,) a,+ (AB, - AyB,)a, (A.2.11)

AXB= (A¢B, ~A,By) ar + (A, B, A, B,) ag + (A, -By - A¢B,) a, (A.2.12)
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A.4 Thin plate analysis

A.4.1 Small deflection of clamped plate

Find the expression for small deflection of the clamped solid plate shown in Figure A.3-

1(a) due to line load p distributed along a circle with radius r =b[46] page106.

L2 DD
Fii; 7N r
A B bB v
— ﬂ' -
L
Z, W
(a)
pordc po-dc

At
M\x\ T
|—‘

Figure A4. 1: (a) Line load P, (b) Load distributed along inner parts of a
concentric circle[46]
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For the inner plate,0< r < b

~pb
- 8a’D

[(a2 — b)) (@ +1*) =245 (h* + 1*) In E]

W A

(A.3-1)

Using the method of supposition, the following procedures could drive out the equation
(3-18).
The centre deflection, wy, is given by expression (A.3-1). Setting b= ¢ and r =0, the

centre deflection, wy, is obtained as follows[46] pagel10:

Wo=% (a®> —c?+ 2c¢%In 2) (A.3-2)

Then, the centre deflection for the given loading is obtained from Eq. (A.3-2), replacing
p by pOdc and integrating from 0 to b. Thus:

We= %fob(az c—c3+2c3Ina)dc

_pob?
16D

2 _3,2 21,0 )
(a " b“ + b*In a) (A.3-3)
A.4.2 Large deflection of clamped plate

The theoretical analysis for large deflection of plates is complex and beyond the scope
of this study. More details regarding this aspect can be found in the literature by

Timoshenko [45] and Ventsel [46].

A.5 Driving circuit

An electromagnet is a type of magnet whose magnetic field is produced by the flow of
electric current. The amplitude of current is controlled by the driving circuit. There are

two types of electromagnetic coils in this project.
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The resistance of the cylindrical coils is about 49 Ohms. The low frequency amplifier
(LDS PA25E) could deliver enough current to meet the requirement of driving
electromagnetic coils.

The resistance of the planar coils is about 0.7 Ohms. It is difficult for designers to build
the low frequency amplifier whose output impendence is smaller than 10hms.Thus the
high power resistance (2 Ohms) could be the serial contented with planar coils. The
TDA1519A is an integrated class-B dual output amplifier in a 9-lead single in-line (SIL)
plastic power package. The device is primarily developed for driving 2 Ohms speakers.
The circuit of power amplifier using TDA1519A could be obtained from the data sheet

of production specification.

A.6 Experimental data of flow rate measurement

Figure A.6-1 shows that the experimental data of the flow rate measurement for the
proposed single acting air pump. Using the experimental setups (see details Figure 4.4),
the amplitude of the driving current is set as 0.23A while the frequency is fixed at 50m
Hz. The flow rate of the proposed single acting air pump was measured by the flow

meter (wavefront THOR D22/5B).
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Figure A.6- 1 Flow rate (from 60 to 160 seconds, unit: L/min) of
the proposed air pump (single acting)
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Figure A.6- 2 Flow rate (from 0 to 300 seconds unit: L/min) of the
proposed air pump (double acting)

Figure A.6-2 shows that the experimental data of flow rate measurement for the
proposed double acting air pump. Employing the experimental setups (see details Figure
4.4), the amplitude of driving current is set as 0.23A while the frequency is fixed at 60m
Hz. The flow rate of the proposed double acting air pump was measured by the flow

meter (wavefront THOR D22/5B).

A.6 Properties of PDMS

Figure A.6.1 shows the main properties of PDMS(Polydimethylsiloxane).
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Test Unit Result

Mix Ratio 10:1
Color Clear
Viscosity centipoise or mPa.s 3900
Durometer, Shore A 50
Specific Gravity 1.03
Working Time at RT min =2 hours
Thermal Conductivity Watt/meter-"K 0.2
cal/em-sec °C 43x 10"
Linear Coefficient of Thermal Expansion um/'m-"C or ppm. 310
UL Flammability Classification 94 V1. V0
UL Temperature Index, Electrical/ Mechanical °C 130/130
Dielectrie Strength volts/mil 540
kV/mm 212
Dielectric Constant at 100 Hz 2.7
Dielectric Constant at 100 kHz 27
Volume Resistivity ohmi-cm 12x 10"
Dissipation Factor at 100 Hz <0.001
Dissipation Factor at 100 kHz <0.001

Figure A.6. 1: Properties of PDMS (data from Dow Corning Corporation)

A.7 common materials and material properties

Figure A.7.1 shows that common materials and material properties.

. Thermal expansion coefficient Density Resistivity
Material [1/K] Tke/m3] [Qm]
Copper 16.5x10-6 8960 17.2x10-9
Alumimium 23.1x10-6 2700 28.1x10-9
Silver 18.9x10-6 10500 16.2x10-9
Gold 14.2x10-6 19300 22x10-

Figure A.7. 1: Common material and material properties
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A.8 Maltab codes

Some Matabb codes of numerical calculations magnetic field and diaphragm deflection

are shown in the following section.

A.8.1 Matlab codes for magnetic field of a circular electromagnetic coils

%using the x,y,z coordinate system

clear;

u0=1.2566¢-6;

I=1;

z=4e-3;

R=10e-3;

cal=50;

step=R/cal;
[x1,yl]=meshgrid(-1.5*R:step:1.5*R,-1.5*R:step:1.5*R);

[kx1,px1]=size(x1);
[kyl,pyl]=size(yl);

calno=360;
stepbeta=pi/calno;
betal=0:stepbeta:2*pi;
[w1,v]]=size(betal);

for t1=1:1:v1
for n1=1:1:pyl
for m1=1:1:kx1
Bzcir(m1,n1,t1)=(1/(4*pi))*u0*(R*R-R*cos(betal (t1))*x1(ml,nl)-
R*sin(betal(tl))*yl(m1,n1))/(((x1(m1,n1)-R*cos(betal(tl)))."2+(yl(ml,nl)-
R*sin(betal(tl)))."2+z./2).M1.5);
end
end
end

Bzall1=sum(Bzcir,3);

figure(1)
surf(x1,y1,Bzalll);
axis tight;
view(60,30);
camlight left;
ylabel('Radiu of coil(meter)");
xlabel('Radiu of coil(meter)');
zlabel('Magnetic field(tesla)");
title(['Magnetic field z compoent distribution of circular, radiu=",num2str(R),'m',’
gap=',num2str(z),'m']);
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A.8.2 Matlab codes for diaphragm deflection

clear;

a=16e-3;

b=6e-3;

u0=1.2566¢-6;

E=410e3; %Young’s Modulus of the silicone rubber
Poisson=0.5; %UPoisson ratio
diameter=32e-3;

diapht=0.27e-3;

height=6e-3; %

gamma=1.4;

P0=101325;

Tx=0;

Ty=0;

Br=1.1;
1=[0.10.20.30.40.50.60.70.80.85091.01.11.21.37;
[c,d]=size(]);

k1=0.062;%paraemter of hole inside of plate case 6
mr=6e-3; %magnet radiu

mthick=2e-3;%magnet thickness

Am=pi*(mr."2);

Vm=Am*mthick;

gap=3.75e-3;

copper_width=0.4e-3;

copper_space=0.6e-3;

interradiu=1.6e-3;

externalradiu=16.4e-3;
R=interradiu:copper_width+copper_space:externalradiu;

[c,s]=size(R);

calnox=50;

step=mr/calnox;
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[x,y]=meshgrid(0:step:mr,0:step:mr);
[kx px]=size(x);
[ky py]=size(y);

calno=20;
stepbeta=0.5*pi/calno;
beta=0:stepbeta:0.5*pi;
[t1,w]=size(beta);

calnoz=20;
stepz=mthick/calnoz;
z=gap:stepz:gap-+mthick;

[c,v]=size(z);

for t=1:1:w
forr=1:1:s
forj=1:1:v
for n=1:1:py
for m=1:1:kx

Bz(m,n,j,r,t)=-4*z(j)*(R(r)*R(r)-x(m,n)*R(r)*cos(beta(t))-
y(m,n)*R(r)*sin(beta(t)))/(((x(m,n)-R(r)*cos(beta(t))).*2+(y(m,n)-
R(r)*sin(beta(t)))."2+z(j)."2).”2.5);

end
end
end
end
end

Bzcirm=sum(Bz,5);

Bzc=sum(Bzcirm,4);

detz=(sum(Bzc,3));

detza=(sum(detz,2));
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detBzct=(sum(detza));

Ft=-3*(1/(4*p1))*Br* Am*detBzct;

fori=1:1:d

Ftotal(i)=I(i)*Ft;
end
VO0=pi*a."2*height;
D=E*diapht.”3/(12*(1-Poisson.”2));
ky=(a."2-0.74*b.”2+b."2*log(b/a))/16;
k=ky*b."2/D;
fori=1:1:d

defl(i)=Ftotal(i)*k;

end

figure(1)

plot(L,Ftotal);
title('Relationship between the force and current ');
xlabel('situmation peak current(A)');

ylabel('force(N)");
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