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Abstract

A valveless peristaltic micropump based on piezoelectric actuation was
designed and fabricated. The pump diaphragms are excited by applying
pulse signal voltages to three lead zirconate titanate (PZT) disks on glass
diaphragm. Such diaphragm sttucture.acts as‘a “piston” to provide power for
the handling of microlitersscaled fluid- volumes desired in many
lab-on-a-chip chemical and-biomedical-applications. A high-performance
micropump was investigated for.this purpese. The paper contains mainly two
parts as follows.

First, we are concerned with the interactions between a system and its
environment for the influence on output resonance frequency. Analytical
results for frequency shift was presented to show that not only does the
added mass and added damping depend on both the fluid density and
viscosity, the chamber height and actuated signal are as well. Second, the
driving circuit can be closely linked with the fluid transport related to the
pump performance. Therefore, the improvement design for driving circuit

can enhance pump flow rate performance up to 1.9~2.8 times.
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CHAPTER 1
INFINITESIMAL MACHINERY: AN
INTRIGUED WORD

1.1 Introduction

Is there plenty of room at the bottom? A brilliant idea was
presented by Richard P. Feynman on December 26, 1959, at the
annual meeting of the America Physical Society at the California
Institute of Technology [1]. The,problem seems like a good idea in
theory, but in practice it has recéntly proved that there is a strong
trend for miniaturization using integrated circuit (IC) fabrication
process, such as etching, photolithography, deposition, bonding and
so on. This trend results on one hand from the fact that small
components and system perform differently. Micro-electro
-mechanical system (MEMS) has been opened new thrusts into the
world and make it possible to fabricate small size devices and
systems with high functionality, precision, and performance. Based
on these characteristics, MEMS devices and systems have found
some applications, such as automobile, aerospace, communication,
medical, etc.

Recently there has been enormous interest in the research and
development of microfluidics because of increasing demands from
biological applications such as genomics, proteomics, and drug
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discovery. Therefore, an important direction in the development of
analytical techniques is toward microanalyzer, Generic names for
these new micrometer-featured devices include “micro- total analysis
systems” (u-TAS) (Manz et al., 1990) [2], lab-on-a-chip (Colyer et
al.,1997 ; Moser et al.,1995), biochip, or, simply “chip.” A
promising analytical tool for analyzing proteins and protein
complexes in the biology laboratory of the future is a microfluidic
device. These "laboratories" (as the Fig.l) are fabricated using
photolithographic processes developed in the microelectronics
industry to create circuits of tiny chambers and channels in a quartz,
silica, or glass chip. They direct the flow of liquid chemical reagents
just as semiconductors dirfect the flow of electrons. These reagents
can be diluted, mixed, reacted with other; reagents, or separated —
all on a single chip. In some cases devices have been named based on
their particular application, for example, PCR chip [4], gene chip,
while for others the device is named for characteristic structure
feature, for example, microspot or microarray. The drug delivery
microsystem consists of micropumps, biosensors, flow sensors,
microvalves, microreservoirs, microneedles, and a feedback

controller.
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Microdispenser:
Fluid Metering

Fluid Pumping: Electroklnetlcf :
Pressure-driven
Multiplexing

Mixing: Static,
Diffusion Limited

Preconcentration: Stacking
IEF, ITP, PCR etc.
. Biosensors:
Separation: CE, LC etc.
Optical: SPR, Fluorescence etc.

Physics-based component-level Electrochemical: Amperometric,
representation of a typical biochip Potentiometric etc.

Fig. 1 A Typical Biochip Layout—Component [3]

Micropump is one of the ME,MS dev1ces which can be used for

drug delivery apphcatwns Tt prov1des the driving force to mobilize

-

fluids in the system, Whlc-’h, ,th'en enabl_e',s functions such as mixing,
reaction, injection, and sepa-rélt'lbn; n '.(;ther words, this device as the
main part of a drug delivery system transfers the fluid (drug) from
the drug reservoir to the body (tissue or blood vessel) with high
performance, accuracy, and reliability. Most drugs have a range of
concentrations of greatest efficacy in the body, above which they are
toxic and below which they have no therapeutic benefit
[5].Conventional drug delivery routes such as oral tablets or
injections are not easily able to control the rate of drug delivery or
the target area of the drug. Consequently, initial concentration of the
drug in the blood peaks above the level of toxicity and then
gradually decreases over time to an ineffective level and the patients
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have to take the drug frequently. In order to control drug release
better, drug delivery systems (DDS) are necessary. Small size and
high precision of micropumps have made them wuseful for
chemotherapy, insulin delivery for diabetic patient, and drug dosing

for cancer patient and so on [6].

1.2 Literature Review

Research on micropumps has been popular among MEMS
scientists for more than 20 years [7—11]. In the first years of research
this popularity may have been,caused by the fascinating fact that
these tiny devices produce fluid motion that is visible to the naked
eye. Now more and more applications drive researchers to improve
their micropumps. Most micropumps found today can roughly be
divided into two groups [12]:

“Continuous flow micropumps” are based on a direct
transformation of nonmechanical or mechanical energy into a
continuous fluid movement. While mechanical pumping was mostly
used in macroscale pumps and micropumps with a relatively large
size and high flow rates, this second category discovers its
advantages in the microscope. Since the viscous force in
microchannels increases in the second order with miniaturization,
the first pump category can not deliver enough power to overcome
the high fluidic impedance in the microscale.

Mechanical pumps can be further categorized according to the
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principles by which mechanical energy is applied to the fluid. Under
this system, mechanical pumps are divided into two major categories:
displacement pumps and dynamic pumps.

In displacement pumps, energy is periodically added by the
application of force to one or more moveable boundaries of any
desired number of enclosed, fluid-containing volumes, resulting in a
direct increase in pressure up to the value required moving the fluid
through check valves or ports into the discharge line. Check-valve
pumps, peristaltic pumps, valve-less rectification pumps, and rotary
pumps belong to the displacement category.

In dynamic pumps, mechanical energy is continuously added to
increase the fluid velocities within the machine. The higher velocity
at the pump outlet increases the pressure. Centrifugal pumps and

ultrasonic pumps belong to the*dynamic category. (Table 1)

Table 1 Mechanical pumping principles

Displacement Pumps Dynamic Pumps
° Check-valve pumps e  Ultrasonic pumps
. Peristaltic pumps . Centrifugal pumps

& Valve-less rectification pumps
. Rotary pumps

¢ Tesla type valves

The so-called “displacement pumps or reciprocating micropumps”
use the oscillatory or rotational movement of mechanical parts to

17



displace fluid. Micropump development has started with “piston
type” reciprocating micropumps like micro diaphragm pumps and
peristaltic micropumps that do still form the main representatives of
this class in the MEMS world. Mechanical pumps can handle a large
variety of fluids, but often involve complicated structures and
present integration challenges, as is evident in rotary pumps [13]
(requiring bearings) and some diaphragm pumps requiring check
valves [14](it function under conditions of a small compression ratio
and of high pump pressure), diffuser/nozzle [15] (or valveless
rectification micropump) pumps (as Fig.2) Besides, a Tesla [16]
Type Valve (as Fig.3) is one of.the no-moving parts (NMP) type
valves used in micropumps forr Micro Electro Mechanical System
(MEMS) devices. This pump type can be realized easily in silicon
with DRIE technology. Its principle of operation is based on the
rectification of the fluid flow. For the same pressure drop, the flow
in the forward direction through the valve is greater than the flow in
the reverse direction, thus if an oscillating flow field can be set up,

there should be net mass flow in the forward direction.

Piezodisc = Pump chamber
| |

T VoL T
ZBR2

-Piezodisc %%

NozzlleT | * biﬁuser
Piezodisc  Pump chamber

Diffuser

N

Top view
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Fig. 2 wvalveless rectification micropumps

RICONEDEN ;¢

Flow in positive direction

Forward

Flow in negative direction

(b)

Reverse

Fig. 3 Tesla pump: (a) design example; and (b) rectification effect

In addition, different methods of actuation have been applied to
micropumps such as electrostatic actuators, piezoelectric actuators,
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magnetohydro- dynamic, shape memory alloy actuators, and thermal
actuators. However, most of them have complex structures and are
difficult to be miniaturized. = Furthermore, their output power is
limited and not sufficient for practical applications. Piezoelectric
actuators are most promising, nevertheless, owing to their simple
structure, and great output power density. Van Lintel is the first
person who used a piezoelectric disc glued to a glass membrane [17].
Under a voltage difference the piezoelectric disc changes its lateral
dimension which results in a bending moment in the dimorph. The
original prototype was able to produce a maximum pressure of 100
cm water and a maximum yield of 10 pl/min at 1 Hz block wave
actuation. Figure 4 illustrates™|the. typical flow rate range of
micropumps. For flow rates more than 10, ml/min, miniature pumps
or macroscale pumps are.the “most common solutions. The typical
operation range of displacement micropumps lies between 10 pl/min
and several milliliters per minute. For flow rates less than 10 pl/min,
alternative dynamic pumps or nonmechanical pumps are needed for

an accurate control of these small fluid amounts.

107 107 10" 10° 10" ml/min
+ } f ; f P
“ s . A
" v
New pumping principles: Mechanical pumps
e Electrokinetic * Check-valve pumps
o Electrohydrodynamic o Peristaltic pumps
» Magnetohydrodynamic e Valve-less rectification pumps
» Ultrasonic

Fig. 4 Flow rate range of different pump principles.
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There are many groups now active in the design of micropump. A
simple analytic model is presented to optimize the valveless diffuser
pump by Olsson et al [18-19] and Ullmann [20] analyzed the
performances of single and double chamber micropumps and
discussed the dependence of the flux on pressure difference between
the inlet and the outlet.

Pan et al [21] investigated the mechanical properties of
fluid-membrane coupling for a valveless micropump, but the
unsteadiness of the flow field within the micropump was not
accounted for in their investigation. Two years further on, the
inertial effects [22] was presented to, shows that a phase shift lagging
the excitation force exists' in the| vibration response. The dynamic
response of a cantilever is investigated, to find the connections
between the nature frequencyand structure by Naik [23]. Kan [24]
expounds the concept of dynamic response into piezoelectric
cantilever-valve micropumps. The analysis results suggest that check
efficiency of cantilever valve depends on phase shift, which
increases with the increasing of driving frequency. Several authors
have considered low-order or “electrical-equivalent” models for
micropumps.

Among all kinds of pumps, peristaltic pumps have many
advantages for biomedical applications. First of all, the peristaltic
micropump doesn’t have a moving part. The main advantage of the
peristaltic pump is that no seals, valves or other internal parts ever
touch the fluid. Due to the simplicity of their structures, peristaltic
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pumps have found many applications in the pharmaceutical,
chemical, and food industries. Besides this, the action of a peristaltic
pump is very gentle, which is important if the fluid is easily
damaged. Therefore, the particles and living cells would not be stuck
or damaged. The risk of clogging in the channels is also reduced,
as a result. Secondly, the pump could be operated in the forward
and backward directions. Furthermore, it doesn’t have passive
check valves as flow directing elements that open and close
frequently; therefore, the valves will not easily be worn out and
cause mechanical fatigue. In other words, peristaltic pumps are
good for long-term treatments... Especially, it is suitable for
reagents and cells pumping. /Finally,-the planar design is less
complex with high pump:performance, and has the ability to pump a
wide variety of fluids.

B Husband [25] presents the peristaltic micropump with three
PZT actuated glass membranes and silicon channels, is integrated

within the « TAS device with microfluidic reaction chambers.

1.3 Working Principle and Performance for a
Peristaltic Micropump

In contrast to diffuser/nozzle pumps, peristaltic pumps
synchronize several piezo discs in a wave-like motion. This
peristaltic motion transports the fluids in one direction and requires
no diffuser/nozzle. Classical peristaltic pumps generate the
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wave-like motion by a wheel with roles along the circumference. The
roles press on a flexible silicon rubber tube and cause the wave-like
motion when the wheel rotates [26].

In our design, the basic elements of the peristaltic micropump
consist of three chambers, and to operate in a peristaltic motion by
the driving circuit. The driving circuit actuates the PZT to produce
the pressure on the diaphragm with oscillating motion. The common
driving scheme of a peristaltic micropump was divided into six
phases (100, 110, 010, 011, 001, and 000) as depicted in Fig. 1. In
phases 1 to 3 fluids was drawn into the pump chamber through the
inlet valve, which is then displaced through outlet valve in phases 4
to 6. Thus one circle is complete. To repeat in circles, make the

pump achieve self priming.

)|
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Fig. 5 Actuation sequences of a peristaltic micropump based

on piezoelectric actuation micropump

Below is a series of six-phase diagrams illustrating

Micro channel Punp chamber Pyrex
PZT

Silicon

Step 1 '\)

—

] Inlet

Anodic bonding

Outlet
Step 2 ‘\-) '\-)

I'_L'-lI g
J

Step 3 —

e

Step4 J ;_j*

|
Step 5 ;\2&

Step &



Fig. 6 The flow chart of a six-phase driving peristaltic

micropump

The driving scheme of the four-phase mode (100, 110, 011, and
001) was the six-phase scheme that removes the process of phases 3
and 6. By the same way, the driving scheme of the 3-phase (100,
010, 001) was the six phase scheme that removes the process of

phases 2, 4 and 6.
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CHAPTER 2
THE DAMPING EFFECTS ON
THE MICRO-DIAPHRAGM

2.1 Piezoelectric Materials

The piezoelectric force has been widely used for micromechanical
devices. The effect was discovered by Jacques and Pierre Curie in
1880. They discovered that if special crystals were subject to
mechanical tension, they became.  electrically polarized and the
polarization was proportional to'thesextension. They also discovered
that the opposite was true; if an electrical field was applied across
the material it deformed. This“is known as the inverse piezoelectric
effect. Piezoelectricity involves the interaction between the
electrical and mechanical behavior of the medium. To the first order

this is described as [27]

{S(TaE)}éxl = S£<6T6><1 +dgsEyy (2-1)
where S is the strain, s” s the compliance tensor under conditions
of constant electric field, T is the stress, d is the piezoelectric charge
constant tensor and E is the electric field. The deformation of a
piezoelectric crystal is illustrated in Fig. 6 In the absence of

mechanical loads Eq. (2-1) gives
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Al=dy, -U=dy-—1=dy E-I (2-2)

And

J (2-3)

Poling __.-.L
i » W,
1 ]
; ]
Poling axis 6 i '
: [ : e
1 ] ! E? F—&j U
i 2 1 1
5 - i
]
7 ¢ A
S
The notation of the axes for piezoeleciric ceramics o 5
atAa
--L-

Fig. 7 The deformation of a piezoelectric device when subject to

an electrical voltage

where Al is elongation along the poling axis, / is the device length

along the poling axis, U is the electrical Voltage,ACl 1s elongation

perpendicular the poling axis and a 1s the device length

perpendicular to the poling axis. Normally d,;>0 and d5,< 0.
Examples of piezoelectric materials are quartz, LiTaO3, PZT and

Zn0O. Non-piezoelectric materials, e.g. silicon, can be exited by
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depositing a thin film of a piezoelectric material, e.g. PZT or ZnO.
Another solution is to mount a piezoelectric disk on the
non-piezoelectric material. This eliminates the problem of making
the film thick enough that high voltages can be applied without
dielectric breakdown (sparks/short circuits across the film). The
piezoelectric effect can be used to bend a diaphragm, e.g. in a pump.
The principle is illustrated in Fig. 7 where a piezoelectric disk is
glued to a diaphragm. When a voltage is applied across the

piezoelectric disc it deforms and forces the diaphragm to bend.

2.2 Performance of the Frequency-dependent Flow Rate

Small vibrational :structures, typically in the shape of
diaphragm ~ beam and plate at'the'micron scale fabricated by silicon
technology, have received ever increasing interest because they can
be wused as key components in developing sophisticated
microelectromechanical systems (MEMS) including microsensors
and actuators.

In this section we will examine the responses of single-degree
of—freedom systems. This is one of the most important topics to
master, since the more complicated cases can be treated as if they
are simply collections of a spring-mass system. Now, I would like to
focus attention on one of the chambers in the peristaltic micropump
for the sake of a simplification. With a micropump, the release rate
of drug delivery is able to be controlled easily to maintain the
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therapeutic efficacy. Hence, with taking into account the influence of
liquid added mass and added damping on the dynamic characteristics
of the micro diaphragm and actuator in the natural frequency, a
performance of piezoelectric micropump was investigated for this
purpose.

If a statically or periodically loaded elastic system, such as a
spring ~ beam or membrane, is disturbed in some manner from its
position of equilibrium, the internal forces and moments in the
deformed configuration will no longer be in balance with the
external loads and vibrations will occur. In the piezoelectric
micropump, the fluid flow is driven by the vibrating actuator. At the
same time, the fluid plays a key role in resistance to the actuator
vibration. The actuator wvibration, the micro-diaphragm movement
and the fluid flow are thus coupled. The fluid reaction force is
represented as an added mass and added damping contribution to the
dynamic response of the structure without affecting their stiffness.
The added mass and added damping depends on both the fluid
density and viscosity, as well as on the gap height in the chamber
and a solid surface. Therefore with fluid (e.g. air, water or blood) as
the pump medium, the dynamical behaviors of the actuator and the

micro-diaphragm are different from those in vacuum.
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2.2.1 A Simple Spring-mass-damper System under Simple

Harmonic Excitation

The basic element in the micro-diaphragm pump is shown in Fig.
9. Therefore, very simplified, this can be seen as a Helmholtz
resonator or as a mass-spring system. We define the bi-layer
“piezoelectric disk and Pyrex glass diaphragm” as the
micro-diaphragm. In this case, the spring is the micro-diaphragm.
Such a system is illustrated in Fig. 8 where also viscous damping is
included. f, is the periodic actuating force and P is the dynamic
pressure exerted on the diaphragm by the liquid. Clearly, undamped
systems are not highly accurate models of the real world (especially
for high viscosity fluid) since we know that the unforced oscillations
of real systems always decay away eventually. Like all systems
possessing mass and elasticity it'is capable of free vibration, i.e. it
has natural frequencies. When such a system is subject to harmonic
excitation it is forced to vibrate at the same frequency as the
excitation frequency. When a system is excited by a transient force,
the resulting excitation take place at the natural frequencies of the

system with the amplitude varying depending on the excitation.
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Fig. 8 A simplified diaphragm micropump viscously damped

system with harmonic excitation.

In consideration of the liquid .added mass and added damping, the
dynamic equation of a damping,dtiven harmonic oscillation of the
micro-diaphragm can be expressed as

mx + cx +kx = (f) (2.4)
Dividing by m, as we did for solving ordinary differential equation

5é+£x+£x:f(t) (2.5)
m m

The parameters m, ¢, k and F stand for the total effective mass of
the micro-diaphragm in liquid environment (M=M, +M,q4 ,M, is the
mass of the micro-diaphragm and M, is the adding mass of liquid),
the added damping constant, the spring constant of the
micro-diaphragm and the driving force provided by the piezoelectric

actuator, respectively. We next assume that our forcing is sinusoidal

k
and introduce the notations - Wf =—, =
m d 2\ mk
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we obtain

X+ 26w % +wox = 2-sin(wt) (2.6)

3 |~

which is the differential equation of motion for forced vibrations
with viscous damping. A particular solution of Eq. (2.3) can be
taken in the form (2.4) because we realize that sines and cosines are
linearly independent functions; there is no way to get one from the
other.

x =M cos wt + N sin wt (2.7)

where M and N are constants. To determine these constants, we
use operator to solve it
(a,D" +a, D" +---+a,D+ap)x=i(t) ynamely L(D)x =r(t)

n—1

(D> +26w D +w)x =

3 |~

sin(wt) (2.8)

x(t) =1, | = ! 5 ie’w
D™ +2¢w D+w, m

= x(t)=1, {e’w’ ! f}

(iw)* +i25ww+w m

x(t)=1, {

cos Wt +isin wt f}

(W2 —w?)+ i2§’wnw%

Upon multiplying both numerator and denominator by the

term (w. —w’)—i2éw,w

(coswt +isin wt) [(w,f —w’)— i2§wnw]
(w, =w*)” + (2w, w)’

x(¢) :[m{

Taking the imaginary part of x(r), we obtain
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(26w, w) / (w, = Wz)i

- t+ L inwt ,
o+ oy T e gy )

x(t)=-

Thus, M and N are :

@cwm) L w2 —w L
M=-——— m -~ and N=——— m - (2.10)
W2 W) + (28w w) W2 — W) +(2%w,w)

Only N can ever equal zero and this occurs only if the forcing
frequency is equal to the system’s natural frequency. At all
frequencies M is nonzero, and hence we always will have some
finite response. The total solution of Eq. (2.6) is obtained by adding

the general solution to the particular solution (2.9)

x(t)=c, expl(—g“ +4/C7 —l)wnz‘J+ €3 exp[(—cj N —1)wntJ

~ v = L
t s coswil g A sinwt (2.11)
(w, =w")" + (26w, w) (W, =w)" +(26w,w)

The first two terms in Eq. (2.11) represent damped free vibrations,
that due to the factor e ™ the free vibrations gradually subside,
leaving only the steady forced vibrations represented by the last two
terms. These forced vibrations are maintained indefinitely by the
action of the disturbing force from the excitation of PZT actuators
and, therefore, are of great practical importance. We shall now see
how they affected by damping.

We’ll use the trigonometric formula:

sin(a —b) = sin(a) cos(b) —cos(a)sin(b)

M cos wt + N sin wt= 4, [sin(wt) cos ¢ — cos(wt)sin ¢]
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L4
A, =NM*+N? and ¢:—tanl(z)

The steady-state response Eq. (2.9) may be written in the equivalent
phase angle form as

x(t) = 4, sin(wt — @) (2.12)
from which, and substituting the actual values of Mand N

L2
¢ =tan (&) (2.13)

2
w —w

n

and

f 1
A, =L
mJ(w? —w?)? +(2%w,w)?

(2.14)

In this case @ hasa physical meaning, that is, the amount that the

output lags the input.

Introducing the nondimensional frequeéncy: Q= Wl
o, 260
=tan”'
¢ o (2.15)
and
4=t !

o Ju-aty + ) (216

2.2.2 Complex Representations

Although representing a system’s response as Eq. (2.7) is
physically attractive, it is a bit awkward mathematically. Our
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solution to this problem will be to represent x(f) as complex

notation, namely

5c'+2§wn5c+w§x= e’ (2.17)

The steady-state solution is given by

x=xe™ g X=— 1
> an m(w> —w?)+2ilww,

in terms of massm, springk constant and damping constantc,

respectively

m- c (2.18)

2.3 Analysis of the Simplified Micropump for the
Flow Rate

The diaphragm structure acts as a “piston” which transfers energy
to the fluid in the pump chamber, when driving voltage is sine wave,
in one period, the fluid flows into the pump chamber in [0, T/4] and
[3T/4, T]. The fluid flows out the pump chamber in [T/4, 3T/4]. So it
is just necessary to calculate the flow rate in [T/4, 3T/4]. The Mach
number is the ratio between the flow velocity u and the speed of
sound a and is given by:
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.
M,=— (2.19)

The Mach number is a measure of the compressibility of a gas and
can be thought of as the ratio of inertial forces to elastic forces. For
the Mach-number in the pump chamber is approximately 5.25e-5
(less than 0.3). Under the conditions the density of a gas will not
change significantly while it is flowing through a system. The flow
is then considered to be incompressible even though fluid, a gas, is
still considered compressible. The compression could be neglected
when calculating the pump’s flow rate. The analysis of an
incompressible gas flow is greatly simplified as it can be treated with
the same versions of the governing equations that will be derived for

liquid flows.

Piezoelectric digk P}.‘l-ex glm.;:.; (ﬁﬂplll"ﬂ_ff.'lll

(PZT)

Silicon

Fig. 9 The schematic of a diaphragm micropump for analysis of

flow rate
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Assume £, is the distance between diaphragm and the bottom of
pump chamber as the figure 9. It could be expressed as[28]:
h,=h"+0,, sin2zwt (2.20)

where dg;, 1s the centerline displacement of the interior surface of the
membrane, i.e. the vibration amplitude; /4’ is the diaphragm’s
original distance between diaphragm and pump chamber’s bottom
surface; w is vibration frequency

Introducing a parameter to correct Eq. (2.20), The membrane shape
factor 7 : it was also determined based on the static membrane

displacement :

V.
Ac é‘dia

y= (2.21)

where V is the volume swept out by the membrane, 4. is the area

of the chamber

Not considering the compression and leakage, the instantaneous
volume (V) of the pump chamber in [T/4, 3T/4] is:
V=_="h+y5,, sin2zwt)BL (2.22)

where L and B is the length and width of the pump chamber. The
change ratio of the instantaneous volume is equal to the
instantaneous flow O, we have:

Q=V"'=2awyBLJ,, cos2mwt (2.23)
As we known, the pump’s instantaneous flow also could be
expressed as:

QO=24V
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A=Bh=B(l' +y05,, sin2awt) (2.24)
where 4 and v are the instantaneous micro-diaphragm and chamber
cross-section area and the flow rate in pump chamber length
direction (x direction), respectively; From the eq. (2.23), and eq.

(2.24), we have:

0 6, Aaw-cos2awt

24 W +y5,, sin 2wt (2.25)
Thus, the mean flow rate v is:
_ f;f v w 37, 8, L-ycos2awt
’ :T:7L% h'+yo,, sin 27wt i (2.26)
The eq. (2.26) can be simplified. to:
- Hi

Assume 77 is leakage factor, the'mean flow rate considered the

leakage is as follow:

5= pLin L= Pou (2.28)
2T W'+ yo,,

The fundamental relation for the piezo effect will be described by

the following equation:

Al U

—=sTrdy (2.29)

Here A% is the relative expansion of the piezoelectric material
achieved by applying a voltage U between the diaphragm and the
upper-electrode (t: thickness of the piezo ceramic). The
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electromechanical ransformation depends on the piezoelectrical
coefficient of the ceramic material, described by d3;, on the stiffness
s and on the mechanical load T

This i1s especially noteworthy in the case of a combination of a
rectangular piezo disk and rectangular Pyrex glass diaphragm, the
load T cannot be deduced by analytic equations. For a approach, the
calculation of the pump diaphragm displacement 1is possible
assuming circular plates with a radius R, instead of square plates for
the diaphragm and piezo disk. As an essential result of this model

the deflection w(r) of the pump diaphragm can be calculated by

b

3d..U r’
w(r) = —%Rﬁ,(l—ﬁj (2.30)

For »=0 the maximal deflection w(7) can be calculated to

3d,. U
-——R, (2.31)

wr=0)=w__=
tb

From the Eq. (2.16), (2.29) and (2.31), the diaphragm’s amplitude
could be expressed as

31°d, U
W 2 W 2 (2.32)
Wo Wo

Substitute Eq.(2.32) and f/=1/T into Eq.(2.28):

é‘ah'a =
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2 2

2
h'tj\/1—w2 +2c ™| —p312d, U
Lwn1

_ Wo Wo
V= Y 3 (2.33)
Wt |1-— | +|2¢— | +y31%d,,U
Wo Wo

This is the expression of the diaphragm pump’s mean flow rate
which relates with the amplitude and frequency of the voltage,
pump’s chamber length, bimorph’s parameters, leakage factor, the

membrane shape factor etc..

2.4 The Added Mass and.Added Damping

A primary concern in the design of the peristaltic micropump is
damping effects on the frequency response. In certain simplification
cases, the vibration problems can be reduced to the case of a system
with one degree of freedom. In addition, the mass of the spring,
beam or membrane can be neglected in comparison with the mass of
the load weight w. In our case, therefore, we can regard the load
weight W as excitation force from the piezoceramic, PZT. Although
these simplifications are accurate enough in many practical cases,
there are technical problems in which a detailed consideration of the
accuracy of such approximation becomes necessary. With the
miniaturization of the size (range of um to mm ) in the
microelectromechanical systems (MEMS) technology, the analysis
of vibration and damping play important role in mechanical
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engineering design. When a micro-diaphragm vibrates in a viscous
fluid, the fluid offers resistance to the motion of the diaphragm. The
fluid loading can be interpreted as the sum of two forces: an inertial
force that is proportional to the acceleration of the diaphragm (the
proportionality constant is called added mass), and a viscous or
dissipative force that is proportional to the velocity of the
diaphragm (the proportionality constant is called added damping or
viscous damping coefficient).

In order to determine the effect of such simplification on the
frequency of vibration, an approximate method developed by Lord
Rayleigh will now be discussed..In applying this method some
assumption regarding the ,configuration of the system during
vibration must be made.; The frequency ‘of vibration will then be

from a consideration of the conservation of energy in the system.

Fig. 10 vibration of a beam of uniform cross section loaded at the

middle with a block of weight W

Let wdenote the weight of the spring per unit length. If the weight
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wl of the beam is small in comparison with the load W > it can be
assumed with sufficient accuracy that the deflection curve of the
beam during vibration has the same shape as the static deflection
curve for a concentrated load at the middle. y, is the displacement
at the center of the beam (see Fig.10) and we express the
displacement of any element located at s distance x from the support
as :

3xl® —4x°

73

Y= )

The maximum kinetic energy of the beam itself will be

/ 2 3 . 2
ZAW(ymbd 34x )zdx:1—7wly—’"
0 2g [ 35 2g

This kinetic energy of the vibrating beam must be added to the

.2
energy Wy%g of the loaded concentrated at the middle in order to

estimate the effect of the weight of the beam on the period of
vibration. In this case the period of vibration will be the same as for

a massless beam loaded at the middle at the middle by the weight

17
W' =W +—wl
v (2.34)

Considering a homogeneous beam, which is vibrating in liquid, has
thickness 4, length L, width B, mass density p,and the mass per unit

length m, =hbp,. In such a simple model, the added mass and added

damping per unit length of the beam are roughly:
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pB* B’
Ma = Ton ¢~ 7 with © and « standing for the liquid density
0 0

and the liquid dynamic viscosity, respectively.

M :%(md +m,,),C=12xLc

2.5 Analysis of the Frequency Shift with the interactions

exerted on the micro-diaphragm

With a micropump, such diaphragm structure acts as a “piston” to
provide power for the handling, of microliter-scaled fluid volumes
desired in many lab-on-a-chip chémical and biomedical applications.
In the design of the mechanical effictency, the pump performance
hangs on using resonance to generate’ sufficient motion of the
diaphragm. We are concerned with the interactions between a system
and its environment (such as the implicit pressure and shear stress at
the solid-fluid interface and the force exerted by the PZT actuator)
for the influence on output resonance frequency.

The micro-diaphragm (the Piezoelectric disk and Pyrex
diaphragm bi-layer) is integrated with surrounding walls; therefore,
it can be considered as a flexible double-clamped beam
spring-mass-damper system (as Fig.8). However, the various
working fluids play different roles in resistance to the diaphragm
vibration. Many inputs to physical systems are periodic in nature.
For example, the forces exerted on marine structures by ocean
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waves, the acoustic and electric waveforms of music and speech and
mechanical vibrations exerted on structures due to unbalanced
elements are all inherently cyclic or periodic in nature. Now
consider a simple spring-mass-damper system under harmonic
excitation in stead of the real input signals (block wave actuation)
that will be taken up in the next section (as the Fig.14 on page 50).
Therefore, a second-order system with an input-output differential
equation can obtained
M3+ ky = F sin(wt) = F (2.34)

where M, k are mass, spring constant, respectively. The spring is the
micro-diaphragm.

The actual input driving signals €an be closely approximated by
sinusoidal waveforms. Any physical periodic phenomena may be
represented by an infinite sum-of harmonically related sinusoids, and
therefore knowledge of the system frequency response to a
sinusoidal input provides a basis for determining the response to a
broad class of periodic inputs. Now, the core of the problems is
how to define the flow resistance exerted on the micro-diaphragm.

We assume viscous liquid at volume flow rate, Q, is pumped
through the central diaphragm and the narrow gap between the
parallel disks (as the Fig.11) [29]. The flow rate is low, so the flow is
laminar and the pressure gradient due to convective acceleration in
the gap 1s negligible compared to the gradient due to viscous forces.
We assume that the velocity profile at any cross section in the gap is
the same as for fully developed flow between stationary parallel
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plates. Here the flow is axisymmetric and therefore it is most
convenient to take the control volume as annular ring. It is of

length, dr, and has circumference, 27zr.

! PZT actwator
: o
Wsinfwih ;,.-f Pyrex
— diaplwazmn
Q > _Ih,
r Fi_r
P, step chanmel [ y

|
! I hn‘ EF %
|

1 ITTrTrres
i |
-
—™ a

Ia — -—

Fig. 11 A simplified model for diaphragm micropump

Therefore, the pressure gradient, df/ .- as-a function of radius is

o 1 ), d_p__6,uQ

R I A =——— 2.
2 12(5*;/}0 = 4 ahr (2:33)

And the flow rate Q can be approximate estimated

O=rn(a"—r’)y (2.36)
From (2.11), we know the solution »(#) is the sum of a

homogeneous component and a particular solution y,(?)

() = Z;,Ciel’t +y,() (2.37)

Where n is the system order (for our case n =2), 4 are the roots
(assumed to be distinct) of the characteristic equation, and C, aren
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constants to be determined from the initial conditions. The solution
to the homogeneous part decays exponentially with time and is only
initially significant. The particular solution is a steady state
oscillation of the same frequency as the excitation and it can be
assumed to be of the form, w the angular frequency (rad/sec)
y=A,sin(wt—@), y=wA,cos(wt) (2.38)
Now substitute the result (2.36) into Eq. (2.35) and integrate to find

the pressure distribution

6 L1y ro1 1
P=PF + 5 (az 111——5’”2"‘5“2), (r, <r<a) (2.39)

0 a

The force acted on the micre~diaphragm is given by £, = JP(V)ZWCZ”
0

Thus the flow resistance can be evaluated

Doy | 4171 7 4 1 1 5 a0
F,=m’p,+ a'l'=t—()" || In(->)—= |-=(a” -7,
ch Po hg { |:4 Z(a) }|: (a) 2} 8( o)}

(2.40)
The viscous damping constant is proportion to the micro-diaphragm

velocity, wA, cos(wt) ; therefore we can find the damping constant.

_lemw' 1 1 5, By 1)1 2 a0
&= PR {LH{QJMIH{@) 2} aa“{a r”)}

(2.41)

Thus, the main four parameters : the fluid viscosity x#, the chamber

heights,, the micro-diaphragm length a, the geometric constants

i . e
In(-*) are necessary to determine the performance of a simplified
a
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model for diaphragm micropump on the damping effects.

Substitute the Eq. (2.41) into (2.34) can obtain

M3+ cy + ky = F sin(wt) — ma’ p, (2.42)
. k c
Introduce the notations : w>=— » ¢c=
W M d 2/ mk

We know that the magnitude of the transfer function for a

forced-excited system is given by

F —m’p, 1
mo WP = wh)? + Qoww, )’

A, =|g(w)| = (2.43)

To determine the frequency at which our amplitude-response curve is
a maximum(which we' will|call ~the damped oscillation
frequency, W, ) » we need-only differentiate with respect tow and set
the result equal to zero . Thus,we obtain-[30]

2

C
w, =w,\[1-2¢" =w, 1-—= (2.44)

/ k
where W, = I is the natural frequency of the micro-diaphragm in

C
vacuum and ¢ = T is the damping factor which is drawn on to

modify the natural frequency of the actuating diaphragm in vacuum.

Hence, a damped frequency of the micro-diaphragm can be obtained

with varying damping factor for light damping(gs%). From Eq.

NG

(2.44), the resonance peak occurs at a frequency less than the
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undamped natural frequency w,, with the shift increasing toward
zero as the damping is increased. We define the difference between
the damped and nature frequency as the frequency shift. In the
following chapter “fabrication and test “I shall be examining the

phenomena of frequency shift through experiments.

amplitude (nm})

the natural frequency

invacuum

P : iy
Wi i i Wha

Fig. 12 The illustratton of frequency shift

2.6 The System Dynamic for a Peristaltic Micropump

The coupled fluid—structure—electric interaction problem may be
considered as a three field problem, i.e. fluid flow, structural
deformation and the electric field (see Fig. 14). The effectiveness of
a system 1is intrinsically related to its dynamic behavior. The
governing equations are: Piezoelectric constitutive equation,

spring-mass-damper systems and Navier—Stokes equation.
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Fig. 13 The general envitonment for the system

2.6.1 Electrical Field

We introduce the phase durations forj = 1. . . 6, as defined in
figure 13. The actuation sequences of a 3, 4, and 6 driving phase

can refer to figure 5. The cycle duration T'is the sum of all7;, . We

. . . T.
also introduce the relative duration of each phase?; = % . The

driving scheme is therefore defined by all#; and the total duration 7.

The driving frequency is defined as f = %

49



actuation

voltage
V . o
. ; F
I ]
I 1
Inlet chamher 0 i ; :
| | )
| : ' J
-y L : o :
o iz : E Lo
T T 5 T L] T T T T
I = ! ' ! ! | ! 1
I 1 : 1 i : ' ! ' i
1;"_.- ] : : [ £t I VR — i
2N f
- : ! ' i
Driving chamber () . - : |
i 1 i ]
Por oL ! :
1 | i 1 | 1l
g R L ' - :
1 | j A S H
' | ke Lo pos
f B I £ o o t I }
i | | . ! 1 ' . ! §
| 1 ' 1 1 i 1 I i
Vi : E T 't T
i { | [] 1 1
5 f | X |
0 1 —
Outlei chamber i i ! i !
Wl i i
T LLELT T o - T, T T J P . T, e
&1 S time T T e T fitnne
G-phage sequence 4-phase sequence 3-phase sequence

Fig. 14  Definition of the 3, 4 and6 phase durations.

By comparison with the driving signals of the valveless
rectification micropump (diffuser/nozzle), we design the so called
“2-phase sequence” driving signals. The three chambers have no
signals phase lag. We will discuss the resonance frequency peak

shift due to different phase sequence later.
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Fig. 15 Actuation sequences of a 2-phase peristaltic micropump
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Fig. 16 Definition of the 2-phase durations.

Table 2 The comparison between cycle frequency and driving

sequence
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Phase Frequency (4 Hz)

Ihiving sequence | Time step Cycle duration Cycle frequency
(sec) (sec) (1/sec)

2-phase %'El lk%q "%

3-phase %{1 lx% ‘%

4-phase %‘El IK% "%

6-phase %4 IK% "%

To investigate the pump performance of micropump, the pump
was actuated with the operation frequency, i.e. the phase frequency.
Furthermore, the cycle frequency,means the oscillation times of the
micro-diaphragm through-a pesiod. Table 2 illustrates the value of
cycle frequency at different driving sequence. As a example of the
operation (phase) frequency 120Hz, the cycle frequency of 2, 3, 4,
and 6 phase sequence are 60 , 40, 30 and 20 times respectively. It
reveals the oscillation frequency of 3-phase sequence is higher than
those by the 4-phase and 6-phase sequences during the same time
interval. Since sinusoidal waveforms are used as the basis for
representing other periodic and transient waveforms through the
process of Fourier synthesis, it seems reasonable to draw an analogy
between 2-phase sequence and sinusoidal waveforms for explaining
the movement of micro-diaphragm. Consequently, the cycle
frequency factor & presented in Table 3 is drawn on to modify 3, 4,

and 6 phase sequence.
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Table 3 The cycle frequency factor

Diving sequence  |The cycle frequency factor
A
2-pha: — =1
phase 5
3-phase £x2+£= ; .
3 373 0444 W
A1 A
x —xoto s 25
4-phase 4-‘*‘2 7 0.25 %
6-phase ‘ixl+£: 0157 W
6 2 2

Therefore, Using Eq. (2.38), (2.41), (2.44) and Table.3, we should
consider the cycle frequency, factor & to correct Eq. (2.41) into

(2.45)

a-12zua’ [[1 1 75, | |
C=h—3{[z+§(;) }{m(;)—g}—g(a —1y) } (2.45)

Where a3—phase = 0.444 ’ a4—phase =025 and a6—phase = 0167
2.6.2 Mechanical Field

In the section, the geometrical dimensions of the actuator and the
diaphragm and the chamber height are design which can produce
more displacement without complicated fabrication, leading to a
higher expansion/compression ratio.

Alternating voltage causes the PZT component to expand and
contract along the horizontal direction. This induces a bending
stress on the diaphragm, which in turn pumps the fluid through the
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chamber. From the simulations below, we turn up the interesting
facts that the maximum stresses occur near the edge of the
diaphragm (0.01<r<0.012m) where the largest bending moments
exist (Fig. 19 and 20).

To assure pump reliability for high cycle fatigue, it is, therefore,
necessary to design this pump so that the maximum stress level is
kept lower than the stress endurance limit of the diaphragm material.
This requirement is vital for many types of micro devices
considering the role micro pumps play in sustaining the reliability
of MEMS for biomedical applications, such as lab-on-a-chip
devices. Consequently, we can,take the concept of reliability
analysis (lifetime, operating timéand electric load of a piezoelectric

actuator micropump) into consideration further in the future.

eigfreq_piezo3D(1)=5130.290697 Subdomain:von Mises stress  Displacement: Displacement Max 1.003e7

i
1

0.4

08

P07

F 406

(18]

F 404

Min: 1.138e5

Fig. 17 A top view of the stresses obtained from FEM analysis in
the 1° mode frequency
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0 .00z 0.004 0.006 0.008 0.0 0012
Arc-length

Fig. 18 The stress distributed at/different position in the 1° mode
2.6.3 Governing Equations

A piezoelectric patch is utilized as the actuator. PZT-5H, a
special type of piezoelectric, is used in the simulation. Properties of
PZT-5H are given in tablel. The coupled electro-mechanical

constitutive equation for the actuator is
E _
T = Coy Er — .f.’",:_-Eg;
I ijkl L (246)
where ¢ 4 1s the mechanical strain tensor, o ; is the mechanical
stress tensor, E; is the electric field vector, e;; 1s the piezoelectric

constant tensor; C,-f;d 1s the elastic stiffness constant tensor at

constant electric field and itisa 6 X 6 symmetric tensor.
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Table 4 Properties of PZT-5H [31]

Relative Dielectric Constant (@ 1 KHz)« KT 3800+

daz|B50 x 10 -2 |meters/Valte
Fiezoelectric Strain Coefficient
dyy -320 » 10 12 |metersolte

gzz (19.0x 10%  Nolt meters/MNewtons
Fiezoelectric Woltage Coefficient
gz |-9.5 % 103 Malt meters/Mewtons

ki O.75
Coupling Coefficient

ka1
Falarization Field Ep [1.5 % 108 Yoltsfmeter
Initial Depolarization Field Ec |3.0 % 109 Yoltsfmeter

MECHANICAL

Density 7800 Kogfmeter?
Mechanical C aa

YE. 8.0 x 1010 Mewtons/meter?
Elastic Modulus

YEL|B.Z2 x 1010 Mewtons/meter?
Faoisson's FHatiao Ve |~ 31

THERMAL

Thermal Expansion Coefficient ~3 y 108 meters/meter °C
Curie Termperature 250 e
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The Pyrex diaphragm in the peristaltic micropump is integrated
with surrounding walls; therefore, it can be considered as a clamped
plate as the Figure 19. The governing equation of forced vibration

of a thin clamped plate is

o'W
DV*W + Py h? =f.—P (2.47)
where
B Eh?
T12(1 —v2) (2.48)

and f, is the periodic actuating,force, which can be solved from
equation (2.46), E is the elastic;modulus of the Pyrex diaphragm, A
is Poisson’s ratio of the;Pyrex diaphragm, 0 p., is the density of
the Pyrex diaphragm, 4 is'the thickness of the Pyrex diaphragm, and
P is the dynamic pressure exerted on the diaphragm by the liquid. To
solve equation (2.47), P should be solved from the Nervier—Stokes
equations at every time step. Since we assume the diaphragm to be a
clamped plate, displacements, curvatures and velocities of the
clamped plate at edges should be zero. Therefore, the boundary

conditions for a clamped plate can be written mathematically as

W =10 X, v e dQ (atedge) (2.49)
n2 -E T }: 1 7
[} i = : i = X.V e :’]Q
dx 2 ay? ' (2.50)
oW
-0  xyeoQ.
ot ' (2.51)
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i

Fig. 19 a. Schematie -.of the cross section of a
piezo-Pyrex- dlaphragm Iljl layer b. Deflection of the pump
diaphragm D;: dlameter of i’ZT Dz diameter of Pyrex; S:

distance between Pyrex and PZT edges; diaphragm

thickness ¢, _191um and 1) - 150 pm

Properties of the fluid used in this simulation are listed in table 5
Since the characteristic length of the micropump is of the order of
10 ° and the Reynolds number is very low, the flow can be
considered as an incompressible laminar flow, which can be
described using the Navier—Stokes equations (2.52) and the mass
continuity equation (2.53)

ptDV /Dt = p1§ + V>V — VP (2.52)
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oL -
‘_}ﬂ +(V . V)pr =0.

ot (2.53)

Table 5 Fluid properties

Density  Dynamic viscosity

Property  pr L
Unit kem— %107 kgm~! 5!
Value 1000 1.4

In this study, the commercial software CFD-ACE+ is used to solve
the piezo-diaphragm-fluid coupling for multidisciplinary analysis.
The solution algorithm for full.coupling is shown in Fig.21.The
broad approach is conventional,in/that the fluid and the structure are
solved sequentially. The :model considered is shown in Fig. 22. with
three layers: a square PZT.stack which.is easier to manufacture than
a corresponding circular multi-layer stack, silicon diaphragm and
chamber with two outlets. In the design of the model, the silicon
diaphragm is fully covered by a PZT layer and the chamber is fully
covered by the PZT-silicon diaphragm bi-layer. Fig. 23.(a)(b)
indicate the dynamic analysis result of the vertical displacement and
pressure of a point centered on diaphragm-fluid interface
respectively. The deflections at different actuating frequencies are

presented in Table 6.
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At t=t, Prescribe Initial Flow Field
Geometry, Mesh, Velocity Field

New Mesh

t=t+At
Update Mesh
Yes

No

Computer Geometry | Converged?

l

Computer Mesh velocity |n—

Solve Femstress

Solve Velocity, Pressure | Calculate

Traction Boundary

Repeat for Each Boundary Condition
Solution Iteration (until
solution stops changing)

0 < Converged? No Solve Electric r

Yes

ah L

Fig. 20 The solution algonthmrﬂor 'ﬁieé‘o.-diaphragm—ﬂuid coupled

¢

solver
g b -

dinplocement? = m
32190-005
3E-005
2.5E=005
2E-003
1.5E=005

1E-00%

SC-006

III3L-008
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Fig. 21 The three layers model under 100Hz sinusoidal excitation
(water, 100V). Grids at the center area of each layer are

denser.
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Fig. 22 (a) Transient behavior of displacement

(b) Transient behavior of chamber pressure

Fig. 23 shows the time history of the vertical displacement of a
point on the top of the PZT piezoelectric component. This
displacement is directly related to the vertical motion corresponding
to the 1°' mode. The effect of resonance becomes apparent under the
nature frequency. In the transient analysis, a dynamic maximum

displacement of 0.9um is reached after 3 cycles a 90k Hz.

Table 1 The deflections at different actuating frequencies (water)

Frequency(Hz) | Max. deflection{ xm)  FrequencwiHz) Maz. deflection? ¢ m)
50 0.354 0000 0.722
100 0.354 80000 0.759
500 0.354 Qo000 0.842
1000 0402 100000 0.884
5000 0.508 110000 0.521

a photograph (as Fig.24) of the finished micropump with the size of

20 mm by 20 mm. diaphragm thickness ¢#; =191um and ¢, = 300 um

i S L T, e K i

Fig. 23 The photo of the finished diffuser/nozzle
micropump
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Fem Solver: Eigen Values and frequencies

Mode#  Eigen Value  Frequency

[—

5.896794e+009 1.222160e+004

2 3.192904e+010 2.843892e+004

3 3.283603e+010 2.884001e+004

4 8.692605e+010 4.692401e+004

5 1.386701e+011 5.926681e+004

The disagreement of resonance frequency between the simulation

and experiment indicates“the ‘actual system included the inlet and

outlet tubes, and an electric connector fixed on the micro-diaphragm

device by epoxy.
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Fig. 24 The modal shape analysis for PZT and Si diaphragm bi-layer

2.6.4 Flow Field

Unlike solids, fluids don’t stay where they are put . When subjected
to shear forces, they deform with limit, and because of their
viscosity, this deformation is inherently dissipative and irreversible.
However, fluids do have elastic properties when subjected to normal
forces (pressure). And they have inertial. Thus, just like an elastic
medium, fluids can propagate sound waves. Our goal is to introduce
basic fluidic behaviors, an@_ focus on the phenomena that are
important in the chambéfs' (;)jtf; the .f:)cristaltic micropumps by
simulation. ‘&

|

Step chauuelé Chamber

/
=3-T-8—
/

Inlet/ outlet

Channel

() (b)

High Reynolds Low Reynolds
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Fig. 25 (a) Schematic of the peristaltic micropump (b) SEM

photo of the step channel (¢) Recirculation region

Case of rectangular channel

F

High P+ T Low P+

-

The shear siress on the wall e

il
-

Fig. 26  Schematic representation of the rectangular channel

For many devices the flow-pressure characteristic can be
described using a simple analytical formula well known from
macroscopic fluid mechanics as for microchannel or nozzle diffuser.
This is the application of the Navier-Stokes equations. We now
consider a pressure-driven flow between stationary parallel plates.
Assumption :

1. The flow is horizontal, so there is no contribution from gravity.
2. The velocity in the x-direction is only a function of'y.
3. a uniform pressure gradient in the x-direction, namely

66



dp
ok
i (constant)

With these assumptions, the Navier-Stokes equation becomes

o°U.  k
SR

ay U

This equation has a quadratic-polynomial solution. With the no-slip

boundary condition, the solution becomes

1
U, —Z[ (h—y)k]

The volumetric flow rate Q

Wh3

h
Q:WL@@:uﬂK

In the case, the pressure gradient must be expressed in terms of the

pressure drop between the.ends'AP; spaced by a length L.

K=—
L

The relation between flow and pressure drop is then

12uL
th

AP = Q

The lumped element model for a Poiseuille flow path is

12uL

Rpois - Wh3 (254)

This is a particular useful equation for calculating the pressure drop

through a long channel.
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CHAPTER 3
FABRICATION AND TEST

3.1 Design and Fabrication of a Peristaltic Micropump
The micropump consists of three parts: silicon, Pyrex glass, and
a commercially available bulk PZT chip (Piezo Systems, Inc.,
T107-H4E-602). The silicon etching process was used to create
pump chambers and channels. The Pyrex glass etching another
process was used to create pump diaphragm. In the glass part: In
order to create deep etching glass, it was coated with polymer and
then pattern it. Second, we used.a.49% HF etching glass. It was
achieved glass diaphragm of 150 wm thickness. Finally, the glass
was removed polymer and then drilled through the glass by the
diamond bit. At the silicon part: a500-pm-thick of a (100) oriented
silicon substrate. It process prior to sputter aluminium of 2000A,
then silicon was used photorisists and wet etching that it is
patterned channel. The channel was formed by ICP process. This
process must do again, because we need to pattern chamber. The
depth of the chambers and channels are 30 pum and 200 pm,
respectively. Pyrex glass was stacked on the patterned silicon
substrate by anodic bonding. The anodic bonding was performed
at 475 °C and 1000 V. A piece of 12 mm square bulk PZT with the
thickness of 191 pm was glued and contacted on the membrane with
silver epoxy. The cross view of the pump with dimension are give in
Fig. 1. The inlet and outlet tubing, and the electric connector were
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fixed on the device using epoxy glue.

Irylet

J Outlet
/
O O

T8

Chamber Channel
PZT /

Electrodes

Fumping
Chamber Disk F}'!e:-:
Glass

Silicon

Fig. 27 Schematic of peristaltic micropumps
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Fig. 28 Glass etching process.
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Fig. 29 Silicon etching process.

Fig. 30 The photomask of channel and chamber

Outlet tubing

Inlet tubing

BAL"

Fig. 31 The complete peristaltic micropump
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3.2 Experimental Setup

The experimental setup is schematically shown in Fig. 32.
The function generator, power amplifier (Piezotronics, PCB790) and
digital oscilloscope, microbalance (Sartirius, BL 120S) and
fiber-optical measurement system (MTI Instruments, MTI 2000)
were used to carry out the pump performance tests. The pump was
driven by an amplified step-function signal and a driver circuit to
operate phase of PZT. The flow rate of the pump was obtained by
the balance and timer. In order to find the displacement membrane
of the pump, the frequency response test was performed. The
displacement response of thé pump was measured by the fiber-optic
probe in terms of the peak displacement of the center of the driving
piezoelectric actuator, as ajfunction of frequency at a driving
voltage, while the pumping system:was filled with fluids. Two
different kinds of fluids were used: DI water and whole blood. The

whole blood was provided by the blood bank.

- Py = 0o =
| — & ] [ |
)l iz — 0
oo ] ® % EEEEm
T . . ]
Power Supply Power Amplifier Digital Oscilloscope Fiber-Optic Measurement System
EEEN
— m — Phase
B0 ses controler

Function Generator

Microblance
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Fig. 32 The schematic of the experimental setup

3.3 Experiments and Results

To evaluate the pump performance, the pump was excited in the
3-, 4- and 6-phase peristaltic motions, and actuated with the
step-function signals with varied phase frequencies created by the
phase controller. What fascinates me about output performance is the
frequency domain. Two 0.04 inch ID tubes were connected to the
inlet and outlet of the peristaltic micropump.The outlet tube was
placed into a reservoir on a scale. The pumping rates were calculated
over a period of time from the weight of deionized water (DI water)
or blood, measured by the scale: The maximum displacement of the
moving diaphragm with®DIywater was measured by fiber-optical
measurement system (MTI Instcuments; MTI 2000).The fiber-optical
measurement system served as a displacement sensor, monitoring the
dynamic performance of the pump. The signals from the fiber-optical
measurement system were recorded using a digital oscilloscope.
Experimental results indicate that bidirectional flow could be

achieved by reversing the actuation sequence.
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The Damping Effects on Pump Diaphragm

A. The Phase sequence and frequency shift

0.45

. 0.404 IOOVpp -PZTM

E | —m— 4 Phase

= 0.35- - 0--- 6 Phase
~ - 43 Phase
= 0.304

) 1

S 0.25-

O 1 "o

% 0.20- e T o.
% 0.15- o MTZ‘M\;
= 0.10 .

0 200 400 600 800 1000
Frequency (Hz)

Fig. 33 Displacement of the middle moving diaphragm as a

function of phase frequency at 100 V,,(4P16)

Figure 34 shows the displacement of the middle moving diaphragm
as a function of phase frequency at 100 Vpp for the 3-, 4- and
6-phase sequences. The figure indicates that different actuation
sequences resulted in different resonant frequencies of the
diaphragm. Using Eq. (2.44), (2.45), we can make sense of the
reason why the resonant frequency shift in 3-phase sequence has a
stronger tendency compared to the other two driving sequences. The
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experimental displacement frequency-response curves at different
phase motion (as shown in Fig. 34.) have the comparable results with
the presented theoretic analysis. The resonant frequencies of the
diaphragm for the 3-, 4- and 6-phase sequences were 100Hz, 150Hz
and 200Hz, respectively. The maximum displacement of the
diaphragm for the 3-, 4- and 6-phase actuation sequences was
3.7um, 4.0 u m and 3.8 u m (peak-to-peak), respectively.

60

-8 — 3-phase sequence
504 )~ 4-phase sequence
— & — 6-phase sequence
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0 200 400 600 800 1000
Frequency (Hz)

Fig. 34 Flow rate vs. phase frequency at 100 V,,

Figure 35 illustrates the flow rates of the micropump at an
applied voltage of 100Vpp with a phase frequency range of
50-1000Hz for the 3-, 4- and 6-phase peristaltic motions. The
maximum flow rates of the 3-, 4- and 6-phase sequences occurred at
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400Hz, 500Hz and 700Hz, and were 21.4ul/min, 34.6ul/min and
36.8ul/min, respectively. The same observation compared with
Fig.34 applies to flow rate frequency-response curves. The
frequency of resonance peak: 6-phase >4-phase >3-phase. According
to Fig. 35, the flow rates peaked at a certain frequency and fell at
higher frequencies for all actuation sequences. The experimental
results clearly indicate that the pumping rates rose with increasing
frequency at lower frequencies. The moving diaphragm was not
fast enough to keep up with the actuation signal at higher
frequencies, so the actuation magnitude decreased, thus reducing the

pumping performance.
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Fig. 35 Displacement of the middle moving diaphragm as a function

of phase frequency at 100 V,, (4P20)

76



3 Phase-100 Hz ; 4 Phase-150 Hz ; 6 Phase-200Hz

DI water
o o/{}rﬂ\a — = — Iplase sequance
// Toeg — o — dphase sequence
0 — —
fﬂ__ﬂ\)\ﬂ £ — Gphase sequance
- R
= .
E! o ﬁ/ﬁ/.______ \O\&ma
: J/‘ '“‘"‘L..'\b a_
. L
= a -y ?{alu
204 / ‘-ﬂ.h! —
=0 "‘D-vc:
\0
10 S
e L 400 600 800 1000
Frequency (Hz)

Fig. 36 Flow rate

3 Phase-250 Hz ; 4 Phase:300 Hz ; 6 Phase-400Hz

3 Phase-29.4 pl/min ; 4 Phase-40 pl/min ; 6 Phase- 33.4 pl/min

02 88— 2-phase sequence
s e 4-phase sequence
024 9 3-phase sequence
022 v G-phase sequence
020

0.18

0.16

014 x
0.12 -
0.10

0.08 4

0.08 -

004 L

002 880000000000,

000 -+

Displacement (pum)

L] .5 L . T v L L 2 T

600 800 1000
Frequency (Hz)

g
&

77



Fig. 37 The displacement frequency of 2-phase sequence
0['127Z',Lla4 1 1 l"o 2:H: ¥ 1:| 1 2 232
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The frequency of resonance peak: 6-phase >4-phase >3-phase>2-phase

B. The working fluids and frequency shift
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Fig. 38 The displacement of membrane versus the driving

frequency at 100 V (4P10)
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Fig. 39 The Flow rate of pumping, versus the driving frequency at

100-V(4P10)
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Fig. 40 The displacement of diaphragm versus the driving

frequency for different working fluids.
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Three kinds of working fluids were tested by diffuser/nozzle
micropump: water, insulin and blood. Fig. 40 shows the
displacement of the membrane for DI water, insulin and blood at the
driving voltage of 10 V and frequency varied from 200 Hz to 1 KHz.
The resonance frequencies for DI water, insulin and whole blood are
500 Hz, 350 Hz and 350 Hz, respectively. The resonance frequencies
for insulin and blood are much lower than that for DI water. This
results from the higher viscosity and density of the insulin and blood.
According to Fig. 40, it can be seen that the resonance frequency of

the pump is strongly dependent on the fluid properties.

C. The chamber hefght and frequency shift
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Fig. 41 The 3-phase sequence displacement frequency
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pump

response versus the chamber height.

be design for gas pumping. For higher

expansion/compression ratio, we design the chamber height 10um

C
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. . . 1
Therefore, the damping constant ¢ is proportional toh—3.
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The 4-phase sequence displacement frequency response

versus the chamber height.

4P18-140Hz, 4P20-160Hz
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Fig. 43 The 6-phase sequence displacement frequency response

versus the,chamber height.
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1. The driving single connected to three chambers
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Fig. 44 4-phase three chambers driving
2. The driving single connected to just the middle chamber

82



0.20
0.18—-
0.16—-
0.14—-
0.12-
0.10—-

0.08

Displacement (um)

0.06

0.04

0.02

—un— PZT-left

—e — PZT-middle
PZT-right
700Hz
650 Hz /‘ \
JAR
650 Hz./' \
. // I\ .\.\.\
° n [
-‘“.‘_"/\‘\. /./ /I \"\“\n \.

400 600 800 1000

Frequency (Hz)

Fig. 45 4-phase the only middle chamber driving

From Fig.44 and 45, it-1s,obvious.the single connected to three
chambers or just the middle chamber can affect the amplitude of the

displacement frequency response without affecting their stiffness.

The Improvement for Driving Circuit

A. Improvement of the rise time for the differential

amplifier
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Fig. 46 The charging and discharging loop of the differential

amplifier

Fig.46 indicates the charging and discharging loop of the
differential amplifier. The'product R"C is'called the "time constant",
and is a characteristic quantity of the differential amplifier. The RC
product can be used to determine the voltage to which any capacitor
will charge through any resistance, over any period of time, towards
any source voltage. The rise time will be decrease and maintain the
square shape by reducing the collector resistors of the differential
amplifier. The following is the testing of reducing the collector
resistors in the differential amplifier to investigate the displacement

(measured on the middle chamber) and flow rate.
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Fig. 47 The displacement vs. frequency in 3-phase sequence by

reducing the collector resistance from 50 K to 10 K Ohm
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Fig. 48 The flow rate vs. frequency in 3-phase sequence by

reducing the collector resistance from 50 K to 10 K Ohm
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Fig. 49 The displacement vs. frequency in 4-phase sequence by

reducing the collector resistance from 50 K to 10 K Ohm
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Fig. 50 The flow rate vs. frequency in 4-phase sequence by

reducing the collector resistance from 50 K to 10 K Ohm
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Fig. 51 The displacement vs. frequency in 6-phase sequence by

reducing the collector resistance from 50 K to 10 K Ohm
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Fig. 52 The flow rate vs. frequency in 6-phase sequence by

reducing the collector resistance from 50 K to 10 K Ohm
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From the above observation, we know reducing the resistance at
the collectors will make the displacement of the diaphragm and flow

rate to increase, in 3, 4, and 6-phase sequence,

B. Pump performance with offset driving voltage

We determined three differential situations which were the
offsetting voltage upward from +80 V to -20 V, the offsetting
voltage downward from +20 V to -80 V, and the voltage from +50 V

to -50 V in transporting two fluids, air and DI water.
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Fig. 53 The displacement vs. frequency operated in +80 V to -20 V,
+50 V to -50 V and +20 V to -80 V deferential outputs
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Fig. 54 The flow rate vs. frequency operated in +80 V to -20 V,
+50 V to -50 V and +20.V. to. -80 V deferential outputs
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Discussion and conclusion

During this work the simple analytical results for frequency shift
based on the damping effects on the micro-diaphragm have been
presented to go through the output performance on frequency
domain. The so-called “simple” means we use harmonic excitation
in stead of the real input signals (block wave actuation), because
sinusoidal waveforms provides a basis for determining the response
to a broad class of periodigiinputs. The results show that not only
does the added mass and: added ‘damping-depend on both the fluid
density and viscosity, the:chamber height and actuated signals are as
well for peristaltic micropumps. With fluid as the pump medium,
the dynamical behaviors of the PZT actuator and the
micro-diaphragm are different from those in vacuum. The damping
effects on pump performance were investigated by means of the
measurement of the displacement on the diaphragm at the driving
voltage of 100 V and frequency varied from 50 Hz to 1 KHz. The
work has proved that the principle is useful for determining the
resonance frequency peak. Furthermore, the flow rate frequency
response has the comparable results. Hence, to determine the
resonance frequency will play a significant part in the design of the

micropump performance. Besides, the driving circuit can be closely
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linked with the fluid transport. The maximum flow rates of the 3-,
4- and 6-phase sequences were 21.4 ul/min, 34.6 pl/min and 36.8
ul/min at 400 Hz, 500 Hz and 700 Hz, respectively. In 3, 4, and
6-phase sequence, reducing the collector resistance will make the
displacement of the diaphragm and the flow rate of the micropump
to increase. The improved flow rates of the 3-, 4- and 6-phase
sequences were 60ul/min, 77.5ul/min and 70ul/min at 400Hz,
500Hz and 700Hz, respectively. Therefore, the improvement design
for driving circuit can enhance pump flow rate performance up to

1.9~2.8 times.

4.2 Outlook

The peristaltic micropump is a deviece with simple geometry, but
very complicated dynamic fluid-behavior which is very difficult to
model. This work shows “some of the possibilities to know a
qualitative analysis of the frequency shift phenomena. Therefore,
we shall concentrate further attention on the parameters
determination of the m, ¢ and k in terms of the geometric constants,
working fluid properties and driving sequence to compare the
performance of our pump to other peristaltic micropumps.

In addition, theoretically, peristaltic pumps need three or more
pump chambers with actuating diaphragm. Most of the realized
pumps have three chambers. Is there any novel idea for better design?
The driving circuit design is important for pump performance.

Further work 1s needed to optimize the driving signals and deign
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better phase sequence for less leakage. The dynamic measurements
and observations of the systems characteristics unfortunately seem to
be difficult. Hence, the useful means of system analysis are crucially
important. The CFD-ACE program may help to make sense of the
system dynamics. We can load the actuated signals to simulate the
squeeze motion for the increasing demand of better pump

performance.

Chamber Pyrex diaphragm

Results of the velocity field in a simplified model for the peristaltic
pump (water, sine wave phase lag 0, 270, 180). The y-axis is scaled
up 50 times.
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