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ABSTRACTABSTRACTABSTRACTABSTRACT

In recently years, micromachining technology and biomedical are integrating
with each other has provided us great convenient on many applications such as gene
chip, drug delivery, nucleic acid synthesis etc. How to efficient and rapid
transportation of microfluids has been a challenging for biomedical technology;
follow by the rapid development of Micro-Electro-Mechanical – Systems and
biomedical engineering. . United States of America has become one of the most
potential technologies due to the demand of the medical examination and test increase
step by step. But In nowadays, some of countries still used large traditional machine
for medical tests, it may be a hindrance for obtain bio-information. If BioMEMS [1]
technology used more widely, have very positive consequences as a whole. And less
required sample for diagnostics, as well as lower reagents costs. Faster response times
and process control due to short diffusion distances. It also can be safer platform for
biological studies because of integration of functionality, smaller fluid volumes and
energies. Another advantage is that lower fabrication costs, easier mass production
and allowing cheap disposable chips. Thus, develop low costs devices with stable
performance and portability and was able to meet the need of medical detection is the
most urgent task. How fast and effective delivery fluid can be challenging in MEMS
technology. Many research of micropump micropump [2] [3] have been published
one after another. Such like Electro osmotic micropumps, piezoelectric micropumps,
Pneumatic micropumps, Magnetic micropumps…etc. Pneumatic [4] is the one of
surest and quickest method. In this poster, the design and simulation of a MEMS
thermal actuated micropump is reported. The micropump consists of a microfludic
chamber on top of a thermal actuation chamber. The PDMS (Polydimethysioxane)
membranes [5] are activated pneumatically by air pressure which generates a rapid
transporting of microfluids to target. The working principle of the micropump is
analyzed in detail. Based on the theoretical analysis, a set of optimized design
parameters of the micropump are suggested. Simulation is used to verify the function
of the micropump. Compared to traditional methods, this MEMS thermal actuated
micropump has some advantages [6], like low costs, more easy mass production. If
integrate with testing chip...etc. It could provide a useful tool for biomedical field and
be crucial for micro total analysis system. .

Bio-chip is kinds of modern high-tech chip. It integrate laboratory’s functions
on miniature chip that usually made by silicon chips and glass. It can be divided into
two groups. That are “lab on a chip” and” Micro array”. Microfluidics technology is
a very important part of bio-chip. In micro scale, surface area volume ratio and forces
within the Atom increase because tiny size and geometry. In this situation, fluid
resistances also increase in micro channel. Thus, driving force is necessary for fluid
acting in micro channel. It is one of the motivations. Another goal is formulate a
micro pump that has the advantages of convenient arrangement
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and usage, time saving, and material saving; in order to reduce the cost and consider
the possibility of disposable chip. This paper used the Polydimethylsiloxane for basic
materials. They have some advantages like high biocompatibility, high light
transmission and producing simple.

Keywords:Keywords:Keywords:Keywords: (Microelectromechanical(Microelectromechanical(Microelectromechanical(Microelectromechanical SystemsSystemsSystemsSystems (MEMS),(MEMS),(MEMS),(MEMS), micropump,micropump,micropump,micropump, ANSYSANSYSANSYSANSYS
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T temperature
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U voltage

ΔH enthalpy
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h plate thickness

Nx, Ny normal forces per unit length

Nxy, Nyx shear forces per unit length

q load intensity

r radius of a given position

u radial displacement

x, y, z 3D coordinates

∂ partial differentiation

ŋ plate deflection

maximum plate deformation

v Poisson’s ratio
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ChapterChapterChapterChapter IIII IntroductionIntroductionIntroductionIntroduction

Micropump is a MEMS technology of special interest in micro fluidic research,
and has become available for industrial product integration in recent years.
Micropumps were started in middle 1970s. Before 1990s, mechanical pumps were
mainly studied. After 1990s, non-mechanical pumps were introduced. Their
miniaturized overall size, potential cost and improved dosing. One of the first
documents about micro pump was presented by Thomas and Bessman in 1975. It
contain muti piezoelectric disc benders combine with solenoid valve and pumping
chamber. It was designing for implantation for human body. 1984 Smits was patented
the silicon micro fabrication technologies. Few years later, he published the peristaltic
pump in 1990. This pump consists of three piezoelectric discs and purpose was for his
insulin delivery systems. In this chapter we are brief overview of a variety of
micropumps and their applications. The review will present key features of
micropumps such as actuation methods, working principles, construction,
performance parameters and their medical applications.

In general, micropumps can roughly be divided into two groups: One called
“mechanical” micro pump. The micro pump that have moving mechanical parts such
as pumping diaphragm and check valves that use the oscillatory or rotational forces to
control micro fluid. The most popular mechanical micropumps such like electrostatic,
piezoelectric, shape memory alloy (SMA), bimetallic, ionic conductive polymer film
(ICPF), electromagnetic and phase change type.

Another one is non mechanical micropump. Non mechanical type of micropump
has to transform certain available non-mechanical force into kinetic momentum so
that the fluid in micro channels can be driven. This type often consists of two check
valves and a chamber with movable membrane. By some mechanisms, membrane can
be actuated to change the volume of chamber. Non-mechanical micropumps include
magneto hydrodynamic (MHD), electro hydrodynamic (EHD), electro osmotic,
electro wetting, bubble type, flexural planar wave (FPW), electrochemical and
evaporation based micropump.

Based on these two types can be further subdivided into several subtypes. Here
lists some most common types of micropump:

mechanicalmechanicalmechanicalmechanicalmicropumpsmicropumpsmicropumpsmicropumps::::

1.11.11.11.1 PhasePhasePhasePhase changechangechangechange typetypetypetype micropumpmicropumpmicropumpmicropump

The working principle of phase change type micro pump is based on morphologic
changed of fluid. This type of micro pump used to have a fluid chamber, heater and
membrane. The basic structure shown in Fig 1-1.
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Figure 1-1 Phase change type micropump
The actuator in phase change type of micropumps basic composed by a heater, a
diaphragm and a working fluid chamber.

In 2003, Sim et al. [7] reported a paper "A phase change type of micropump with
aluminum flap valves". According to this paper, this micropump used silicon for the
membrane material. Materials of substrate are silicon and glass. The actuator
combined membrane, two substrate and micro heater. The working principle is based
on vaporization and condensation of the working fluid. When it applied voltage to
micropump, the working fluid become vapour that increase air pressure inside the
chamber and push the membrane deflection. When it cut off the voltage, silicon
membrane restored shape because working fluid condensation and pressure cold down.
The maximum flow rate of the micropump was 6.1 µl/min when it applied voltage
10V at 0.5 Hz. The maximum deflection appeared on the air pressure raised to 68.9
kPa.

1.21.21.21.2 RotaryRotaryRotaryRotary micropumpmicropumpmicropumpmicropump

Rotary micropump commonly use magnetically driven. Magnetic stator and
central pin is perm alloy. Rotors were separately made and assembled into pump by
hand. The flow rate depended on speed of rotor spin. Pumping speeds increased
when pressure ratings go up and the volumetric capacities decrease. The relationship
can be expressed as :

Vd= q V 1N

Where N is the rotor rotates rate (rpm), q is the total trap number exist at the rotor, V1
is the volume of fluid. If the torque generated from motor keeping pump in a
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constant value , we may able to calculate the developed pressure by following
equation

d

q
a V

NT
CP =

C is the constant here, Tq as the motor torque. This type of pump without
diaphragm but they are the complex fabrication process and reliability. Another
concern is the wear resistance.

Figure 1-2 rotary micropump

Chong H et al [8] reported a rotary magnetic actuators micropump in 1995.The
maximum flow rate are 24 µl/min when the rotor speed reach to 5000rpm. Driving
voltage around 3v, power consumption was around 0.5w. The main materials of this
micro pump are poly silicon and silicon.

1.1.1.1. 3333 PiezoelectricPiezoelectricPiezoelectricPiezoelectric micropumpmicropumpmicropumpmicropump

The piezoelectric micropump is actuated by the deformation of the piezoelectric
materials. In typically, it consists of a piezoelectric disk attached on a diaphragm, a
pumping chamber and valves. Piezoelectric pumping: use piezoelectric actuation for
driving mode. It also used the suck and push forces by change the piezo actuator
shape. It has some goodness like large actuation force, short response time and simple
structure. The weakness is low working frequency, difficult to fabrication, small
stroke and high actuation voltage.

Van Lintel, S. Bouwstra et al. Reported a first piezoelectric micropump in 1988
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[9]. It is a reciprocating displacement type micropump that consists of a pump
chamber, a thin glass pump membrane actuated by piezoelectric plate and passive
silicon valves to direct the flow. It was using cyano acrylate adhesive for fixed
piezoelectric plate. It was the first reported work on a successfully fabricated
micropump using micro machining technologies.

2005, K. Junwu, Y. Zhigang, P. Taijiang..et al. Published a paper "Design and
test of a high performance piezoelectric micropump for drug delivery"[10]. It is a high
performance piezoelectrically actuated cantilever valve micropump. It has a cantilever
valves for improved the output values. The flow rate of the micropump are 3000 and
3500µl/min with back pressure of 9 kPa and 27 kPa that depend on the different size
of cantilever valves. The micropump use conventional technology for fabrication. The
pump consisted of muti stacked layers, bronze membrane with PDMSs body and
cover. A maximum back pressure of 27 kPa achieved by the micropump was higher
than the normal blood pressure of 15 kPa. Therefore the micropump design was
applicable for drug delivery.

Figure 1-3 Piezoelectric microump [11]

1.1.1.1. 4444 ShapeShapeShapeShape memorymemorymemorymemory alloyalloyalloyalloy micropumpmicropumpmicropumpmicropump

This type of micropump contain sharp memory alloy. Shape memory alloys are
special alloys such as Au/Cu, In/Ti, and Ni/Ti. The most common one is Nickel
titanium. According to the sharp memory effect, material membrane can be divided
by two solid phases. One is called austenite phase and another is called martensite
phase, both of them manipulated by temperature. Austenite is much harder than
martensite when it in high temperature and martensite is much more ductile than
austenite when it in low temperature. Martensite materials can undergo the larger
deformation. Shape memory alloy used these two phase for actuation.. The
temperature can be precisely generated by an electrical current. Large pumping rate,
high working pressure are their advantages. Disadvantage such like low driving
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frequency, high power consumption. The membrane od SMA micropumps is
commonly made by titanium nickel alloy (TiNi) because it is high pressure, restoring
force and pumping rate. High work output per unit volume makes it suitable in sizes
for MEMS applications.

The first shape memory alloy micro pump was presented in 1997 by Benard et
al.[12] Two titanium nickel plates was for reciprocating motion. Two plates actuated
by alternating heat. When it applied heat on titanium nickel plates, the shape became
bent down. According this paper, the maximum flow rate was 49µl/min when it
applied 0.9A current. The operating frequency was 0.9Hz, back pressure of 4.23 kPa
and voltage was 6V.

Figure 1-4 Shape memory alloy micropump [13]

1.1.1.1. 5555 ElectrostaticElectrostaticElectrostaticElectrostatic micropumpmicropumpmicropumpmicropump

The first electrostatic micropump was presented in 1991 by J.W. Judy, T.
Tamagawa []4]. The micropump consisted of an active check valve, a pumping
membrane and an active outlet valve. Above of all were sealed inside by silicon
nitride and were actuated by electrostatic force. Actuation voltages of approximately
50V were required for valve closure and membrane deflection, but no record about
pumping action of it.

Teymoori and Sani reported a design and simulation of an electrostatic peristaltic
micropump for drug delivery applications in 2005 [15]. According to this report, the
pump size was 7 mm × 4 mm × 1 mm. The flow rate was approximate to 9.1µ l/min
and driving voltage was 18.5V. It was suitable for drug delivery applications such as
chemotherapy. The micropump was designed for drug delivery requirements such as
drug compatibility, flow rate controllability and low power consumption and shrinks
the bio chip size.

app:ds:force
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Electrostatic micro pump use electrostatic force for pumping that based on
Coulomb’s law. Coulomb attraction force between oppositely two charged plates. The
force can be expressed as

F =
2
1

=
dx
dW * ε0εrAV2 / 2x

Where F is the electrostatic actuation force, W is energy stored, ε (=ε0εr) the dielectric
constant, A is electrode area, V is power and x is the electrode spacing. In this type,
membrane is deformed in either direction as voltage is applied on the two opposite
electrostatic plates. The two opposite electrostatic plates located show in Fig 1-6.
When it remove the voltage, membrane fla t again. The advantages of electrostatic
micropumps are low power consumption, simply structure, good control of actuation
and short response time. The weaknesses are high actuation voltage and small stroke.
The maximum deflection is around 5 µm when it applied 200 voltages.

Figure 1-5 Electrostatic microump [16]

1.1.1.1. 6666 BimetallicBimetallicBimetallicBimetallic micropumpmicropumpmicropumpmicropump

Zhan et al. publish the first silicon based bimetallic micropump at 1996 [17]. The
diaphragm was made by silicon substrate with the thin film aluminum. The body size
was 6mm×6mm×1 mm. The flow rate was 45µl/min, back pressure was12 kPa.
Driving voltage and frequency were 5.5V and 0.5 Hz .

The structure is similar to shape memory alloy or other mechanical micro pump,
but the actuations way are different Fig1-7.... The basic theory of this type pump is
quite simply. Different materials have difference of thermal expansion coefficients.
Bonded materials together and applied heats on it, the thermal stress are induced to
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force it changing shape. The main advantage of bimetallic micro pump is low energy
consumption compared to other types of micro pump. The main disadvantage is low
deformation of membrane because of the thermal expansion coefficients.

Figure 1-6 Bimetallic microump

The actuation plate was made by two different metals that can become different
degrees of deformation during heating. The deflection of a diaphragm, made of
bimetallic materials, Is achieved by thermal alternation because the two chosen
materials possess different thermal expansion coefficients.

1.1.1.1.7777 ElectromagneticElectromagneticElectromagneticElectromagnetic micropumpmicropumpmicropumpmicropump

In typically, electromagnetic micro pump consists of a permanent magnet, a set of
drive coils chamber, inlet valves, outlet valves and diaphragm. Magnet or the set of
coils may be attached to the membrane. It is shown in Fig 1-7.



8

Figure 1-7 Electromagnetic micro pump

Electromagnetic micro pump actuated by magnetic field with currents. The theory
based on Lorentz force. The Lorentz force can be presented like below:

F = (I × B)L (9)

In here F is the Lorentz force, I as current, B is the magnetic field and L is the length
of wire. When it applied current through the coils, the resulting magnetic field creates
an attraction or repulsion between the coils and the permanent magnet. It is the basic
working principle of electromagnetic micro pump. Compare with other actuation
ways, electromagnetic actuation provides excellent actuation force with low energy
usage. The main drawback is difficult to reduce size because magnetic materials has
limit to fabrication.

In 1999, Bohm et al published a paper “A plastic micro pump constructed with
conventional techniques and materials ”. [18] It is the first micro pump that used
magnetic force for actuation. The membrane of micro pump combination with
permanent magnet and coil was placed on the body top. The inlet and outlet valves
were placed on the bottom side of the body. Despite the body of micro pump was not
small enough (10mm×10mm×8 mm) because of fabrication reason. It still had high
flow rate (40,000µ l/min in air and 2100 µl/min in water) and good energy
consumption (0.5W).
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Non-mechanicalNon-mechanicalNon-mechanicalNon-mechanicalmicropumpsmicropumpsmicropumpsmicropumps

Since the early 1990s, many non-mechanical micropumps have been reported.
Non-mechanical micropumps require to transform of non-mechanical energy to
kinetic energy, such like magnetohydrodynamic, electrochemical..etc. Compare with
mechanical micropumps, non mechanical micropumps has some advantages such like
more easy to design or fabrication because no mechanical moving parts.

1.81.81.81.8 ElectroosmoticElectroosmoticElectroosmoticElectroosmotic micropumpmicropumpmicropumpmicropump

Electro osmotic pump (EOP), is pumping flow by use an electric field. It is basic
on electrokinetic phenomenon. The working principle is generated by an external
electric field applied on an electric double layer (EDL), generates high pressures and
high flow. The ionic fluid moves by stationary,. When ionic solution through and
contact to solid surface, the electrical charge is adhered on the solid surface because
negatively charged surface attracts the positively charged ions of the solution.

Figure 1-9 Electroosmotic micropump [19]
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2001, Zeng et al [20] published a paper "Fabrication and characterization of
electroosmotic micropumps". According to this paper, silica was the main material
of this pump. The maximum were approach 3.6 µ l/min when it applied 2kV voltage.
This type of pump have no moving parts such like valves , membrane. That more
durable than other type pump which contain moving parts. It is also quite when it
operate. The major limitations are high energy consumption.

1.91.91.91.9 DiffuserDiffuserDiffuserDiffuser micropumpmicropumpmicropumpmicropump

The working principle of diffuser pump is based on suction force and push force
when membrane bent down or bent up. Diffuser is a channel with a increasing
cross –sectional area and the shape usually like conical or rectangular. The main
functions of diffuser is to transfer kinetic energy to pressure, i.e suction force When
fluid flows in one way or the other, it will encounter different flow resistances caused
by the diffuser and it is similar with membrane pump.

Figure 1-9 Diffuser micropump
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In 1993, The world first diffuser pump reported by E. Stemme and G. Stemme. [21]
The idea was that used diffuser elements instead flow control parts. The advantages
are simple fabrication, free of valve fatigue. Weakness are sensitive to bubbles, low
operating pressure.

1.101.101.101.10 Electro-wettingElectro-wettingElectro-wettingElectro-wetting micropumpmicropumpmicropumpmicropump

Electrowetting micro pump is modify the wetting abilities by applied voltage for
pumping. The term electrowetting was first appeared on 1981, but this ability was
explained by Gabriel Lippmann in 1875. Electro wetting ability related to surface
tension. The electrolyte contact angle changed due to applied voltage. Continuous
electro wetting can use for pumping by control the surface tension between two
immiscible solutions. The most common material for electro wetting are mercury. If
we put mercury into electrolyte solution and also put electrodes on both side. When it
applied voltage, the interface of mercury will charge electric potential. The electric
potential are not equal of each side because of protonation effect on mercury surface.
The different surface tension push mercury move from high electric potential to low
electric potential.

Figure 1-10 Electro wetting micropump



12

In 2002, Yun et al. [22] reported a micropump by used continuous electro
wetting actuation. The micropump consisted of three plates stack together. Micro
channels combined electrolyte and glass wafer. The membrane deformation by
mercury drop pushed electrolyte. The maximum flow rate was 70 µl/min . It
appeared when it applied 2.3 voltage. The power consumption for this design was
approximate 170 W. The maximum air pressure can reached to 0.8kPa with 25Hz
frequency. In typically, electro wetting micro pump have some strengths such like
quick response time and low power consumption.
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ChapterChapterChapterChapter IIIIIIII MicropumpMicropumpMicropumpMicropump designdesigndesigndesign

2.12.12.12.1 workingworkingworkingworking principleprincipleprincipleprinciple

The structure design of the MEMS thermal micropump is shown in Figure 2-1.
The figure shows that a cylindrical pump container is connected to an inlet and outlet
ports. There are embedded valves at the entrance of the inlet/outlet to regulate the
flow direction of the microfluid [23] [24]. The microfluid is only allowed to enter the
container via inlet, and come out of the container via outlet. The reverse microfluid
flow is forbidden by the valves (figure 2-2). In the middle of the pump body, there is
an elastic membrane, which can bend under pressure difference from its top and
bottom surfaces. The edge of the elastic membrane is connected to the inner sidewall
of the pump chamber. The top Si cover seals the chamber, and Al thermal resistor [25]
is deposited on the bottom surface of the top cover. A certain amount of air is sealed
inside the air chamber.

Figure2-1a .Structure of micropump
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Figure2-1b .overiw of micropump
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Figure 2-2 Cross section view of in/outlet tube:
(a) Embedded valves just allow flow in one direction. When the pump work, fluids
through the tube and valve open. (b) The reverse fluidics is forbidden by the valves

When a voltage is applied to the thermal resistor, conducting current results in Joule
heat and heat up the temperature of the air chamber. As a result, the air expands and
pushes the elastic membrane [26] to bend down. The volume of chamber container is
reduced and the microfluid inside the chamber is pumped out via outlet. However, if
the driving voltage is disconnected, the air temperature inside the air chamber will
decrease due to thermal dissipation. Thus the volume of air shrinks, and the elastic
membrane returns to its flat shape (Figure2-3). As a result, the volume of container
expands, and the microfluid is sucked into the pump. By repeating this process
(applying a pulse voltage), the microfluid can be continuously pumped in from the
inlet and pumped out from the outlet (Figure2-4).. This is the working principle of the
micropump.
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Figure 2-3 Schematic of thermal actuated micropump:
(a) The air in the chamber expands when heated. Elastic membrane bends down.

(b) Removal voltage, air cools down. Membrane become flat again
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Figure 2-4: sequential diagram of thermal actuated micropump:
(a) All pumps open. The sample can directly through all channels to

detection. (b) Close the first pump and stop the sample to next section. (c) Open
the first pump. The reagent 1 flow into main channel and mix sample fluid. Two
mixed fluids stopped by second pump and It can moves quickly away out to testing
area 1. (d) Like step (c), the flow keep moving to next section and stopped by third
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pump. Reversed fluid will not flow back because the embedded valve. (e) Repeting
the previous steps, the sample and three reagents mixed

2.22.22.22.2 ControlControlControlControl systemsystemsystemsystem

In this experiment, it is quite easy to use Heating device for this micropump.
Connect power to heating resistor and cover an aluminum plate embedded in top of
air chamber. To choose aluminum plate is because of the higher surface heat transfer
area.

The estimate heating resistor dimension formula [27] is like below (2-1)

(2-2.1)
R = Resistance Ω
ρ = Electrical resistivity Ω·m
l = Cable length m
A = Cross-sectional area m2

The value of the electrical conductivity (conductance) and the specific electrical
resistivity is a temperature dependent material constant. Mostly it is given at 20 or
25°C.
Resistance R = ρ × (l / A) or R = l / (σ × A) (2-2.2)

The table 2.2 shows the specific electrical resistivity of different materials .
Electrical is commonly represented by the letter ρ (rho) and electrical conductivity is
represented by the Greek letter σ (sigma). Consider the economic situation and
efficiency. Copper resistor combines of the two.

ElectricalElectricalElectricalElectrical
ConductorsConductorsConductorsConductors

ElectricalElectricalElectricalElectrical
conductivityconductivityconductivityconductivity

ElectricalElectricalElectricalElectrical
ResistivityResistivityResistivityResistivity

Silver σ= 62 ρ= 0.0161

Copper σ= 58 ρ = 0.0172

Aluminum σ= 36 ρ = 0.0277

Table 2.1 Comparison with difference materials
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We can also calculate the resistive heating by using the following equations
(2-2.3.) Thus, we knew the enthalpy from heating resistor and consumption of
power.

� ΔH = mCpΔT

� ΔH=∫(Pwr)dt (2-2.3)

Assume voltage pulse V is applied to heating resistor R for a time period of T, the
generated Joule heat by the heating resistor is:
Pwr=U2/R
ΔH=∫(Pwr)dt=PwrT|T0

(2-2.4)

Where R is the resistance of heating resistor. Assume there are N folds of heating
resistor, and the width, length and thickness of each fold is w, l and t respectively,

(2-2.5)
We assume that the energy is transferred efficiently from heating resistors to the air
inside the chamber as η (0<η<1 due to heat dissipation. Hence the resulted
temperature increase of the air due to thermal heating is:

(2-2.6)

Where mair is the mass of air, and cair is the heat capacity of air.

2.32.32.32.3 AirAirAirAir expansionexpansionexpansionexpansion

In this device, the main function of sealed air inside the actuation chamber is that
expansion size for bend down the PDMS membrane. In this part we can use gas law
[28] for assumption. (2-3.1). the sealed air inside the chamber follows combined gas
law:

(2-3.1)
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where P1 is the initial air pressure before heating (P1=1atm), V1 is the initial air
volume (V1=S×h1, where S and h1 are the cross section area and height of air
chamber), T1 is room temperature (T1=27ºC=300K), P2 is the final air pressure inside
the chamber, V2 is the final air volume after thermal expansion, and F is the final
temperature of air.

2.42.42.42.4 MembraneMembraneMembraneMembrane deflection:deflection:deflection:deflection:

Bending of plate base is complex. There are changes in mechanical properties of
the fabric such as weight, thickness, stiffness, permeability, or breaking strength and
elongation. [29] . Thus, simplified deflection calculations are required. In order to
understand the relationship between stress and deformation of membrane. This
research was made to analyze membrane deflection by applying Kirchhoff-Love
theory of plates (classical plate theory) [30] and The Mindlin-Reissner theory of
plates (first-order shear plate theory [31]).

2.4-12.4-12.4-12.4-1 KirchhoffKirchhoffKirchhoffKirchhoff––––LoveLoveLoveLove theorytheorytheorytheory

The Kirchhoff–Love theory (1888) of plates is an extension of Euler-Bernoulli
beam theory and used to determine the stresses and deflections in thin plates subjected
to forces and moments.
Love Kirchhoff assumptions [32]:

1. The thickness of membrane (d) has to much smaller than smallest bending
radius.

2. Straight lines normal to the mid-surface remain straight after deformation

3. Straight lines normal to the mid-surface remain normal to the mid-surface
after deformation

4. The thickness of the plate does not change during a deformation.

2.4-2.2.4-2.2.4-2.2.4-2. ClassicalClassicalClassicalClassical shellshellshellshell theorytheorytheorytheory andandandand first-first-first-first- orderorderorderorder shearshearshearsheardeformationdeformationdeformationdeformation theorytheorytheorytheory

The scholar soon later modify their Kirchhoff-Love theory and with appropriate
attitude. The first one is called Classical shell theory (CST) [33]. This is based on
Kirchhoff–Love theory but discard the influence of transverse shear force. This theory
applies for very thin plate (h/r) < 1/80. It simplifies the calculation of the plate
deformation.
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The second one is First- order shear deformation Theory (FSDT) [34]. Unlike
Classical shell theory, transverse shear force factors are taken into account. It can
apply for plate that thickness ratio under 1/20 and with good results. Most size of
membranes is under this range. Therefore, it is widely used for analysis membrane
structure.
The geometric nonlinear can be expressed as the strain effect of the neutral plane of a
membrane when the deflection of membrane larger than its thickness. When the
deformation is small, the membrane can be seen as pure bending by the lateral
loading.

Consider the equilibrium of a small element cut from the plate with two pairs of
planes parallel to the xz and yz planes. Assume there has a force acting on the middle
plane of the membrane except the lateral force, as shown in Figure 2-5. In
Kirchhoff–Love plate theory, there are no body forces or tangential forces acting on
those directions on membrane, the following equations of equilibrium were obtained
for the middle plane

+ = 0

+ = 0 (1)
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Figure 2-5 Free-body diagram of a small element in the Specimen. [35]

In here, Nx and Ny can be perceived normal forces per unit length. Where Nxy ¼
Nyx are shear forces . Membrane deflection is ŋ load intensity is q. Membrane rigidity
is represented by the sign D

+2 + - (2)

Another forces like normal force, shear force, lateral loads are the further factors to
consider. Membrane deflection ŋ can be expressed by equation (3).

+2 + - (q+ + +2 ) (3)

Compare equation (2) and (3), we found middle plane strain is quite large. Where h is
the thickness of membrane, E is the Young’s modulus, v is Poisson’s ratio, r is the
radial distance of a point of PDMS membrane. We may found the relationship
between membrane deformations, load intensity and radius like below:

- + (
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D- (4)

The largest deformation at the center of membrane like below:

- - (5)

From above equations, we find out the final air pressure inside the chamber, and
based on the properties of elastic membrane, we further determine the bending
displacement of the membrane. This allows us to calculate the expected volume
change of the container, and in turn derive the predicted pumping flow rate. Based on
above analysis, we derived a set of optimized design parameters of the micropump,
and calculated its expected performance. NEXGEN simulation should be used to
simulate the behavior of the micropump, and the results will be compared with
theoretical calculation to verify the design model.
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ChapterChapterChapterChapter IIIIIIIIIIII FabricationFabricationFabricationFabrication

The proposed micropump can be fabricated with hybrid process. We used PDMS
for mold. PDMS also refers to silicones. The chemical formula for PDMS is
CH3[Si(CH3)2O]nSi(CH3)3. (Figure 3-1)

Figure 3-1: chemical formula of PDMS

PDMS has the following advantages [36]
• Non toxic , non flammable Biocompatible

• High chemical inertness

• Clear and transparent

• Gas permeable

• Inexpensive

• Adhesion to metals – applications as inert substrate material

The components are fabricated separately and then assembled together into a micro
pump.
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1. Fabricate top cover and heating resistor: Starting from Si wafer, deposit 0.4µm
Al evaporation [37], and then photolithography and etch Al into thermal
resistors. The processes of photolithography will describe in 3.1.

2. Fabricate Si chamber: Starting from silicon wafer, thermal oxidation for
0.6µm SiO2, photolithography and etching SiO2 to open etching window. Use
Si DRIE (Deep Reactive Ion Etching) [38] to etch down into a chamber. Laser
micromachining to drill holes in sidewall [39] and bottom of chamber for inlet
and outlet.

3. Assemble components into micropump: Insert elastic membrane into chamber,
seal the edge [40], and then bond top cover onto chamber. The micropump is
complete.

3.13.13.13.1 PhotolithographyPhotolithographyPhotolithographyPhotolithography

Photolithography is using light to transfer a geometric pattern from the sharp we
need on the substrate [41]. Simply resist processing, basically consists of six steps
(Figure 3-2) [42]

• Substrate clean

• resist coating

• soft baking

• exposure

• development

• Post-development inspection.
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Figure 3-2 Flowchart of photolithography

(a) Substrate clean (b) resist coating (c) soft baking (d) exposure (e)
development
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3.1.13.1.13.1.13.1.1 SubstrateSubstrateSubstrateSubstrate cleancleancleanclean

The organic or inorganic contaminations on the surface of wafer after
manufacture are inevitable. These residue or particle will affect light blockage and
precision. Whole technological process is as follows:

(a). Immerse item in vessel with piranha [43]
Piranha consists of hydrogen Peroxide (H2O2) and sulfuric Acid
(H2SO4). The proportion of the sulfuric acid vs. the hydrogen
peroxide is, in this case, 5:1.

(b). The recommended temperature is between 70-100°C. Then use hotplate
may for heat the solution. Cleaning time is about 10 to 15minutes.

(c). Remove the wafer from piranha solution to buffered oxide etchant. The
main function of it is that clean SiO2 on the surface.

(d). Wash wafer again by distilled water [44] and dried it out.

3.1.23.1.23.1.23.1.2 ResistResistResistResist coatingcoatingcoatingcoating

Photoresists can be classified into two groups: positive resists and negative resists.
When positive exposed to light becomes soluble to the photoresist developer. The
negative photoresist is exposed to light become insoluble to the photoresist developer.
The unexposed part will dissolve. (Figure 3-3)

Figure 3-3 Differences PR of photolithographic
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Table 3-1 Different between tone types [45]

In this paper we used negative photoresist, because it has larger viscosity. That
more easy to make deep sharp. Another reason is less expensive. The step of coating
photoresist on wafer is like below:

(1). Put wafer on photoresist coaters.

(2). Use low speed mode [46] []47] that make photoresist distributing equably on
wafer surface.

(3). Use high speed mode for ideal thickness.

(4). Keep it on high speed mode for a while for reduce errors. Because the negative
photoresist is high viscosity material. When coater stop spinning,
photoresist will recover shape .
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Table 3-2 The relationship between spinning machine and thickness of PDMS

3.1.33.1.33.1.33.1.3 SoftSoftSoftSoft bake:bake:bake:bake:

The next step is followed by the soft bake. First set the hotplate temperature on the
appropriate condition. The recommended temperature [48] for soft baking is around
90-100 degree oC. Some situation up to 115oC.Next, place the sample coated with
photoresist on the hotplate until the soft baking is over. One of the major purposes of
soft bake is that drive away the solvent from wafer. Second reason is that improve the
adhesion of the resist to the wafer. The exposure time of soft bake based on the
heating methods and the wafer wall in proportion of bake time ( wafer wall angel
become smaller with shorter bake time).
.

3.1.43.1.43.1.43.1.4 ExposureExposureExposureExposure

Before use photolithography technology, we need to create pattern on mask. Photo
mask is opaque plates that allow light to through some holes or transparent part on the
plate. The function of photo mask is for defined pattern. Photo mask can roughly
divide into two types. First type use laser beam etching pattern on glass or quartz
substrate. It has some advantages like high transmittance and lower thermal expansion.
That means not easily deformed and more durable. Disadvantages are high production
costs and also need many working hours to make it. The second type is printing
pattern on plastic film by using high definition printer (10000 dot/ inch). Compare
with first type, second one is faster and low costs but lower-resolution because of
material characteristic. It fit for device size large than 20 µm. In this poster, the pump
size within range. Thus, this paper uses second type (table 3-3).
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QuartzQuartzQuartzQuartz GlassGlassGlassGlass PlasticPlasticPlasticPlastic

Minimal size 1~2μm
1~2μm

12.5~20 μm

Manufacturing time 7 days 7 days 2 hous

Cost High
medium

low

Table 3-3 Differences type s of photo mask

3.1.53.1.53.1.53.1.5 DevelopmentDevelopmentDevelopmentDevelopment

Development is the process steps that remove or dissolve the unwanted resist.
Development can be immersion developing, spray developing, or puddle developing.
Whatever which method, it should be rinsed and dried to ensure that the development
action will stop after the developer removed from the wafer surface. The most
commonly method is use development solution SU-8 [49].

Figure 3-4 SU-8 molecule
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3.1.63.1.63.1.63.1.6 Post-developmentPost-developmentPost-developmentPost-development inspectioninspectioninspectioninspection [44][44][44][44]

As the name implies, is an inspection to ensure that get needed result. In normal,
it tests by using optical microscope, although SEM and laser-based systems are also
used in some post-development inspection tasks. The inspection step checks for
contain the following:

• Use of the correct mask

• Resist film quality

• Adequate image definition

• Dimensions of critical features

• Defects and their densities

• Pattern registration.
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ChapterChapterChapterChapter IVIVIVIV ResultResultResultResult andandandand DiscussionDiscussionDiscussionDiscussion

Based on analysis, a set of optimized design parameters of the micropump is
achieved, as shown in table 4-1and figure 4-1. FEM Analysis is used to simulate the
deformation of the PDMS elastic membrane under given pressure.

young'syoung'syoung'syoung's modulusmodulusmodulusmodulus 3333 MpaMpaMpaMpa

Poisson'sPoisson'sPoisson'sPoisson's ratioratioratioratio 0.490.490.490.49

Table 4-1 Basic parameter of membrane

In the experiment, we are not only used this parameter for simulation. Because
the goal was to find out the best data for this pump. Thus, changed different thickness,
size...of membrane is necessary. But didn't change the characteristics of material.

The membrane deflection can be easily to modify by this software. The steps like
below:

(a. )First, the CAD function could be used for created figure.
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(b) Used meshing tool , also choose model type

(c) Input elements parameter such like Young's modulus, poisson ratio and density.
Press bottom that located on tool bar can get 3D figure.

Figure 4-1 (a) (b) (c)Create model by software

In simulation, we increased the pound force per square inch (psi) from 10 psi to 40 psi
The maximum deflection is around 250 µm. We knew the maximum deflection,
thickness of membrane, diameter of membrane, than we can get radius of curvature.
Thus, according to plate theory. This experiment result is close to classical shell
theory (h/r < 1/80). Next, we used software to simulate different thickness of
membrane and pressure. We found the relationship shown as table 4-2.
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Table 4-2 relationship between deformation and membrane thickness:
When membrane getting thicker, deformation become large. The deformation rate
directly as the pressure

The maximum deflection is inversely proportional to the thickness. PDMS
Membrane is getting thinner and deformation getting large. The top view and side
view of the contour plot of the elastic membrane bending shape are shown in Figure
4-2
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Figure 4-2 Top and side view of pressure on surface
These two figure shows the NETGEN simulation result of the membrane.

Different colors mean different displacement. The maximum deflection appeared on
the center of diaphragm.
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Figure 4-3 Top and side view of pressure on surface
these two figure simulate by Ansys with same parameter like previously pictures.

Compare with these two figures, the maximum displacement also occurred on center,
but the distance of displacement are slightly different.

The temperature change inside air chamber in response to voltage pulse is shown
in table 4-3. As we can see, temperature first increase due to input voltage pulse. Once
the voltage pulse is discontinued, the temperature drops quickly due to heat
dissipation.

Table 4-3 Relationship between response time and temperature
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Table 4-4 relationship between frequency and flow rate

In table 4-4, we found the flow rate depend on frequency. We may easy to get
flow rate by formula v=ft, f is the frequency of membrane acting, t is average
displacement of membrane. Based on the plate theory we know the maximum
deflection formula is:

Bring parameter into this equation we got the maximum deflection of diaphragm
based on plate theory. Compare with simulation results. The relationship shown as
table 4-5.

Table 4-5 Simulation and theory results comparison

4
2

4 3

0.032
(1 )

1
qb

v
Ehα

⎛ ⎞
ω = − ⎜ ⎟+ ⎝ ⎠
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CHAPTERCHAPTERCHAPTERCHAPTER VVVVConclusionsConclusionsConclusionsConclusions

In this paper, the design and analysis of a thermal actuated MEMS micropump
is proposed. The micropump utilizes air thermal expansion induced by resistor heating
to pump microfluid flow. The working principle of the micropump is analyzed.
Netgen simulation is used to verify the deflection of elastic membrane with Classical
shell theory and first- order shear deformation theory. We found the simulation result
are very close to theory. In summary, we found some points:

1. Classical shell theory just considered the straight liner force on plate. This
limitation cause it can only use on small displacement calculation.
Even-through the pump size is quite small, but we found the process of
deflection not only contain straight force. The transverse shear force
should be considered and our simulation result also proof this point.
First- order shear deformation theory is more closer to real situation than
classical shell theory

2. Classical shell theory is a simply way to calculation small displacement
with accuracy result. But, based on our simulation result on chapter 4.
We found when the membrane thickness larger than 100 μm and
displacement more than 20 μm, the transverse shear force should be
considered .

3. According to our results, the factors of deflection membrane not only
contain Young's modulus, density and Poisson ratio but also considered
the wide and thickness of chip or photoresist when it fabricated.. Control
the spinning speed of photoresist machine can effect the space between
glass substrate and PDMS (chamber wall ). Large space size means more
thicker of chamber wall in scale and the deflection rate also become
large, but also means more difficult for production.

These experimental results data could be provided a prototype of the design
pneumatic pump. Now, everything just in computer simulation and only modified the
membrane deflection. Only concern the pump body but not included the power
controller. In the future, The main job is to make this device more reliable and more
reality. Moreover, the further goal is perfectly integration with biochip technology.
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SourceSourceSourceSource codecodecodecode
1: k=1 p=2

function main()

k = 1; % k-th asimuthal number and bessel function
p = 2; % p-th bessel root

q=find_pth_bessel_root(k, p);

N=20; % used for plotting

% Get a grid
R1=linspace(0.0, 1.0, N);
Theta1=linspace(0.0, 2*pi, N);
[R, Theta]=meshgrid(R1, Theta1);
X=R.*cos(Theta);
Y=R.*sin(Theta);

T=linspace(0.0, 2*pi/q, N); T=T(1:(N-1));

for iter=1:length(T);

t = T(iter);
Z=sin(q*t)*besselj(k, q*R).*cos(k*Theta);

figure(1); clf;
surf(X, Y, Z);
caxis([-1, 1]);
shading faceted;
colormap autumn;

% viewing angle
view(108, 42);

axis([-1, 1, -1, 1, -1, 1]);
axis off;

H=text(0, -0.3, 1.4, sprintf('(%d, %d) mode', k, p), 'fontsize', 25);
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file=sprintf('Frame%d.png', 1000+iter);
disp(sprintf('Saving to %s', file));
print('-dpng', '-zbuffer', '-r100', file);

pause(0.1);
end

% converted to gif with the command
% convert -antialias -loop 10000 -delay 10 -scale 50% Frame10*

Drum_vibration_mode12.gif

function r = find_pth_bessel_root(k, p)

% a dummy way of finding the root, just get a small interval where the root is

X=0.5:0.5:(10*p+1); Y = besselj(k, X);
[a, b] = find_nthroot(X, Y, p);

X=a:0.01:b; Y = besselj(k, X);
[a, b] = find_nthroot(X, Y, 1);

X=a:0.0001:b; Y = besselj(k, X);
[a, b] = find_nthroot(X, Y, 1);

r=(a+b)/2;

function [a, b] = find_nthroot(X, Y, n)

l=0;

m=length(X);
for i=1:(m-1)

if ( Y(i) >= 0 & Y(i+1) <= 0 ) | ( Y(i) <= 0 & Y(i+1) >= 0 )
l=l+1;

end

if l==n
a=X(i); b=X(i+1);

%disp(sprintf('Error in finding the root %0.9g', b-a));
return;

end
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end

disp('Root not found!');

2 k=0 p=1

function main()

k = 0; % k-th asimuthal number and bessel function
p = 1; % p-th bessel root

q=find_pth_bessel_root(k, p);

N=20; % used for plotting

% Get a grid
R1=linspace(0.0, 1.0, N);
Theta1=linspace(0.0, 2*pi, N);
[R, Theta]=meshgrid(R1, Theta1);
X=R.*cos(Theta);
Y=R.*sin(Theta);

T=linspace(0.0, 2*pi/q, N); T=T(1:(N-1));

for iter=1:length(T);

t = T(iter);
Z=sin(q*t)*besselj(k, q*R).*cos(k*Theta);

figure(1); clf;
surf(X, Y, Z);
caxis([-1, 1]);
shading faceted;
colormap autumn;

% viewing angle
view(108, 42);

axis([-1, 1, -1, 1, -1, 1]);
axis off;

H=text(0, -0.3, 1.4, sprintf('(%d, %d) mode', k, p), 'fontsize', 25);
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file=sprintf('Frame%d.png', 1000+iter);
disp(sprintf('Saving to %s', file));
print('-dpng', '-zbuffer', '-r100', file);

pause(0.1);
end

% converted to gif with the command
% convert -antialias -loop 10000 -delay 10 -scale 50% Frame10*

Drum_vibration_mode01.gif

function r = find_pth_bessel_root(k, p)

% a dummy way of finding the root, just get a small interval where the root is

X=0.5:0.5:(10*p+1); Y = besselj(k, X);
[a, b] = find_nthroot(X, Y, p);

X=a:0.01:b; Y = besselj(k, X);
[a, b] = find_nthroot(X, Y, 1);

X=a:0.0001:b; Y = besselj(k, X);
[a, b] = find_nthroot(X, Y, 1);

r=(a+b)/2;

function [a, b] = find_nthroot(X, Y, n)

l=0;

m=length(X);
for i=1:(m-1)

if ( Y(i) >= 0 & Y(i+1) <= 0 ) | ( Y(i) <= 0 & Y(i+1) >= 0 )
l=l+1;

end

if l==n
a=X(i); b=X(i+1);

%disp(sprintf('Error in finding the root %0.9g', b-a));
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return;
end

end

disp('Root not found!');

3 k=0 p=2

function main()

k = 0; % k-th asimuthal number and bessel function
p = 2; % p-th bessel root

q=find_pth_bessel_root(k, p);

N=20; % used for plotting

% Get a grid
R1=linspace(0.0, 1.0, N);
Theta1=linspace(0.0, 2*pi, N);
[R, Theta]=meshgrid(R1, Theta1);
X=R.*cos(Theta);
Y=R.*sin(Theta);

T=linspace(0.0, 2*pi/q, N); T=T(1:(N-1));

for iter=1:length(T);

t = T(iter);
Z=sin(q*t)*besselj(k, q*R).*cos(k*Theta);

figure(1); clf;
surf(X, Y, Z);
caxis([-1, 1]);
shading faceted;
colormap autumn;

% viewing angle
view(108, 42);
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axis([-1, 1, -1, 1, -1, 1]);
axis off;

H=text(0, -0.3, 1.4, sprintf('(%d, %d) mode', k, p), 'fontsize', 25);

file=sprintf('Frame%d.png', 1000+iter);
disp(sprintf('Saving to %s', file));
print('-dpng', '-zbuffer', '-r100', file);

pause(0.1);
end

% converted to gif with the command
% convert -antialias -loop 10000 -delay 10 -scale 50% Frame10*

Drum_vibration_mode02.gif

function r = find_pth_bessel_root(k, p)

% a dummy way of finding the root, just get a small interval where the root is

X=0.5:0.5:(10*p+1); Y = besselj(k, X);
[a, b] = find_nthroot(X, Y, p);

X=a:0.01:b; Y = besselj(k, X);
[a, b] = find_nthroot(X, Y, 1);

X=a:0.0001:b; Y = besselj(k, X);
[a, b] = find_nthroot(X, Y, 1);

r=(a+b)/2;

function [a, b] = find_nthroot(X, Y, n)

l=0;

m=length(X);
for i=1:(m-1)

if ( Y(i) >= 0 & Y(i+1) <= 0 ) | ( Y(i) <= 0 & Y(i+1) >= 0 )
l=l+1;

end
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if l==n
a=X(i); b=X(i+1);

%disp(sprintf('Error in finding the root %0.9g', b-a));
return;

end
end

disp('Root not found!');


