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ABSTRACT
This thesis treats an innovative piezoelectric pump based on one of the piezoelectric
actuators, the ‘cymbal’. The performance analysis of a miniaturized, ultrasonic, valve less pump
along with the description of its design, fabrication process and pumping principle has been
given. The cymbal actuator has previously been shown to have larger displacement and
generative force than the bimorph actuators. The key is much higher underwater pressure induced
by the cymbal in comparison with the bimorph. A new approach was taken using a doublelayered cymbal with the advantage that it can behave both, as an ‘in-phase’ extensional or an
‘out-of-phase’ bending actuator. The proposed setup promises a hassle-free, internal system that
offers considerably smaller size and weight, thereby facilitating the current trend of size reduction
in the electronics industry. In addition, ease of fabrication makes this device an attractive
candidate for large scale production/industrial use. Taking inspiration from current and past
trends, the aim was to balance the trade-off between efficient performance and device size.
Therefore, a key feature of this pump is performance with respect to size (volume less than
1.5cm3). The pump was able to generate a maximum back pressure greater than 5.3kPa and an
approximate maximum flow rate of 10ml/min.
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Chapter 1

Introduction

1.1 Background

1.1.1 Piezoelectricity

In dielectric materials, ionic polarization exists in the constituent ionic crystals.
Therefore, when an electric field is applied, the cations are attracted to the cathode and anions
to the anode due to electrostatic interaction. These materials can store more charge due to the
dielectric polarization P, and the physical quantity of electric charge per unit area is called
dielectric displacement D. It is related to the electric field by the following expression:

D = ε 0 E + P = εε 0 E

(1‐1)

where, ε0 is the permittivity in vacuum (8.85 x 10-12 F/m2), ε is the relative permittivity.
Materials in which the centers of positive and negative charges do not coincide even
without the application of electric field are said to have spontaneous polarization, Ps. When
the equilibrium spontaneous polarization of a dielectric material can be reoriented by an
electrical field of sufficient strength at temperatures below a characteristic temperature Tc, it is
called a ferroelectric. Based on the crystallographic symmetry there are 32 different point
groups[1] and the structural symmetry in a material affects its dielectric, elastic, piezoelectric,
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thermal and optical properties. Further, these 32 point groups can be divided into two groups:
(1) 11 centrosymmetric types, which possess center of symmetry and (2) 21 noncentrosymmetric types, which do not have center of symmetry. Out of these 21 noncentrosymmetric group, 20 exhibit piezoelectric effect (except for point group 432).
When stress is applied in a non-centrosymmetric crystal, there is a movement of
positive and negative ions with respect to each other, creating an electric charge at the surface
of the material. This phenomenon is the direct piezoelectric effect in which there is a
conversion of mechanical energy into electrical energy. In contrast, when an electric field is
applied to the crystal, a compressive or tensile strain is produced. This phenomenon is called
the converse piezoelectric effect: conversion of electrical energy into mechanical energy.
When an alternating electric field is applied, mechanical vibration is induced which at the
appropriate frequency causes mechanical resonance and a large resonating strain is created.
This phenomenon of strain magnification due to accumulation of input energy is called
piezoelectric resonance.
The above mentioned direct and converse phenomenon can be represented by the
following equations containing stress ‘X’, strain ‘x’, electric field ‘E’ and dielectric
displacement ‘D’:

xi = sijE X j + d mi Em

(1‐2)

X
Dm = d mi X i + ε mk
ε 0 Ek

(1‐3)

where, ‘i’, ‘j’ = 1,2,…,6 and ‘m’, ‘k’ = 1,2,3 represent the tensor subscripts. Here, sE, d
and εX are the compliance at constant electric field, the piezoelectric constant and permittivity
at constant stress respectively.
Piezoelectric response is rapid and can be driven at frequencies as high as a billion
Hertz. Due to the direct and converse piezoelectric effects of piezoelectric materials, they can
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be used as both receivers and transmitters of sound waves, from audible to ultrasonic
frequencies. The main motivation behind the design of practical piezoelectric devices for
underwater applications was a historical event; the World War I. Due to the massive
destruction being caused by German submarines, a dedicated effort was made to find ways and
means to detect submerged objects. Also due to the conductive nature of sea water, acoustic
waves seemed to be the only logical choice at that time. The famous French physicist, Paul
Langevin, made a breakthrough by developing a piezoelectric quartz-crystal device for
transmission and reception of underwater ultrasonic vibrations to detect submarines. Since
then, piezoelectricity has been very popular in sonar devices.

1.1.2 Introduction to underwater acoustics

Acoustic power levels can span an extremely wide range[2], therefore making it
convenient to express them in logarithmic form. The unit used is the decibel, which is a
dimensionless unit and can be defined as ten times the log (to the base 10) of the ratio of a
measured intensity I to reference intensity Iref.

10

(1-4)

Since acoustic intensity is proportional to the square of the acoustic pressure, the
corresponding expression for acoustic pressure is:

20

(1-5)
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In underwater acoustics, a pressure of 1μPa is usually taken as the reference, pref =
1μPa. Therefore, acoustic pressures in water are usually in the unit of dB re 1μPa.
When a source is emitting a sound in water, it is transforming electrical or mechanical
energy into acoustic energy by generating an alternating sound pressure superimposed on the
static ambient water pressure. The acoustic power P is given by:

(1-6)

where p is the root-mean-square pressure in N/ m2, ρ is the density of the water in kg/m3,
c is the velocity of sound in m/s and A is the area in m2 through which the acoustic energy
flows. The acoustic intensity is therefore

10

(Watts/m2)

(1-7)

As a mechanical wave in a medium, the acoustic intensity is equal to the product of
particle velocity v and sound pressure p,
(1-8)
Combining the above equations we get

(1-9)

5
The product ρc is called acoustic or radiation impedance of the medium, which accounts
for the difference in underwater and air acoustics. The velocity of sound in air is 344 m/s and
1500 m/s in water. The density of air is 1.29 kg/m3 and that of water is 1000 kg/m3.
Accordingly, the acoustic impedance (ρc) of water is 3600 times larger than that of air, which
means that 3600 times more displacement is needed in air as opposed to water, to generate the
same sound pressure. As piezoelectric ceramics are not capable of very large motion, their
applications in air are limited.

1.1.3 Cymbal transducer

The cymbal transducer is a class V flextensional transducer that originated from the
“moonie” [3] which was developed at the Materials Research Laboratory at the Pennsylvania
State University in the late 1980s. It consists of a ceramic driving element sandwiched
between two truncated conical metal or plastic endcaps. These transducers are generally
characterized by their simple designs and robustness and can be used both as sensors and
actuators. Piezoelectric ceramics can be used as the driving element in either single layer or
multilatyer form. The double layered cymbal shown in Figure 1-1 below has a modified
design. It comprises of two ceramic elements instead of one and an additional brass disk in the
center. This design has been used for the pump described in this thesis, the reason for which
will be given in detail in the following chapters.
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Figure 1-1. Image of a double layered cymbal transducer.

The cymbal’s unique design combines the flexibility and durability of the endcaps with
the driving power of the ceramic element. The endcaps are coupled to both the active ceramic
as well as the surrounding medium and are the means by which the incident stress is
transferred to the ceramic. The presence of cavities below the caps allow them to serve as
mechanical transformers for transforming and amplifying a portion of the incident axial
direction stress into tangential and radial stresses of opposite sign. Therefore, the d31 and d33
contributions of the ceramic now add up, forming a very high effective d33 of the device. The
cymbal can be a very versatile transducer. Desired actuation and performance can be
tailored[4] by changing the flexibility of the endcaps or the cavity dimensions beneath the
endcaps.
The cymbal design has demonstrated effective piezoelectric coefficients as large as
16,000 pC/N, 40 times than a single piezoelectric ceramic. Some of the advantages[5] of the
cymbal piezocomposites are the unique piezoelectric properties resulting in both the charge
and the displacement amplification, the ability to tailor the desired properties by the choice of
the cap and driver material, a simple design, ease of fabrication and their low cost. Despite
these advantages, there are some drawbacks as well. The majority of the impedance spectra of
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cymbals show a double peak[6] instead of a single endcap resonance peak, and in addition,
exhibit a resonance frequency distribution. In some cases, adding a mass solves both
problems. The knowledge of both the advantages and limitations must be taken into account
for successful device design.

1.1.4 Piezoelectric pumps

The general trend in electronics technology for the past few years has been favoring
miniaturization. Laptops and other increasingly popular portable electronic devices are
increasingly favoring smaller, slimmer profiles. But even though smaller devices are
aesthetically more appealing, they come with their fair share of heat related problems.
Traditional computers, both PCs and laptops come equipped with electromagnetic motor based
air cooling systems but they are bulky, have low efficiency and produce high noise (around 30
dB). There is a need for a more efficient cooling system to deal with the issue of dissipated
heat and consequently improve device performance.
A liquid based cooling system[7] seems to be a good solution to this problem. One of the
reasons for this is that water, for example, is a much better cooling fluid than air (see Table 41). Piezoelectric pumps are good candidates for this kind of an application. Compared with
traditional pumps, piezoelectric pumps can scale down to much smaller sizes, offering better
efficiency and have no noise or electromagnetic interference. Therefore they are also good
candidates for drug/fluid circulation pumps required in collaboration with MRI or other
magnetic-field generating equipment.
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Axial‐flow

Peristaltic

Piezoelectric pump
with valve
Piezoelectric
Pump

Volumetric
Valve‐less piezoelectric
pump
Ultrasonic

Non rotary
centrifugal

Figure 1-2. Classification of piezoelectric pumps.

This has yielded research on several miniature piezoelectric pumps[8,9]. Figure 1-2
shows the classification of piezoelectric pumps. Most of these use valves to control direction
of fluid flow but valves have issues with wear and tear and can cause clogging. This led to the
development of valve-less micro pumps[10-12]. The absence of valves aids pump
performance by preventing total head-loss, thereby increasing the flow rate. More recently, a
miniature, valve-less ultrasonic pump, using a bending disk transducer was reported by Ueha
et al.,[13], having a flow rate of 10ml/min and a maximum pump pressure of 14.8 kPa.
However, the bending disk transducer used has a 30mm diameter which is still rather large for
some of the previously mentioned applications.
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1.2 Objective

The cymbal, which is a miniaturized Class V flextensional transducer, has attracted
interest because of its small size, low cost and weight, and thin profile. There are no other
technologies that can match these characteristics which are key to one of the major
applications targeted in this thesis.
The cymbal transducer has previously been measured and modeled extensively[3-5].
However, the possibility of using the amplified displacement of the cymbal as a pumping
device has not been explored. Therefore a major objective of this thesis is to characterize,
model, and to a certain extent understand the underwater behavior of the cymbal. Chapter 2
will discuss in detail the fabrication and structure of the cymbal transducer. An attempt has
been made to describe the unique principle of operation of this device in chapter 3. Pump
design parameters along with finite element modeling have been listed and described in
chapter 4. Finally, this thesis has been concluded along with the experimental results in
chapter 5.
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Chapter 2
Modeling of the Cymbal Based Pump

Figure 2-1. An image of the cymbal transducer with reference scale.

In order to obtain enhanced displacement and pressure over the currently existing pumps
such as the bimorph type, we used the cymbal actuator shown in Figure 2-1. It exhibits
intermediate performance between multilayer and bimorph actuators; almost 40 times higher
displacement than the same size of ceramic element and 10 times higher force and response
speed than the bimorph. We can expect more than doubled water pressure/flow for the cymbal
in comparison with the conventional bimorph design due to its enhanced displacement.
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2.1 Sample preparation

In this study, the cymbal transducer is used as a high frequency actuator driven around
resonance. Hard PZT was preferred due to its low loss and high mechanical quality factor
(Qm). Therefore, PZT powder APC 881 from APC International Ltd. was chosen. This
material exhibits low dielectric loss (0.4%) and high mechanical quality factor (Qm = 1000).
The electromechanical coupling factor (kp = 0.58) and piezoelectric charge constant (d33 = 260
x 10-12 C/N) are also suitable for actuation. The material properties of this ceramic are listed in
Table 2-1.
Table 2-1. Properties of PZT powder, APC 881.
Property

Unit

Value

KT

-

1030

tan δ

%

0.4

Tc

°C

310

kp

-

0.58

kt

-

0.46

d33

10-12 C/N

260

g33

10-3 Vm/N

26.7

12
Young’s Modulus

1010 N/m2

9

Density

g/cm3

7.6

Qm

-

1000

The ceramic was sintered for a total time of 52.8 hours at the highest temperature of 1200
degree C. It was then cut into discs of 12.7mm diameter and polished down to the desired
0.5mm thickness.

2.2 Transducer assembly

Figure 2-2. Illustration showing the cross-sectional view of the cymbal transducer.
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Figure 2-2 shows the cross-sectional view of the cymbal transducer. It comprises of a
central brass sheet (0.25mm in thickness), which acts as a center electrode for common
ground, as well as a mechanical support. On either side of the brass disc, two PZT ceramic
disks are bonded using epoxy and conductive silver paint. One of the reasons brass was chosen
as the material for the endcaps was that it is a non-magnetic material, making the entire
devices completely immune to magnetic fields. The epoxy used was Emerson and Cuming,
two component, low viscosity, epoxy encapsulant (Stycast 1266 A/B). The physical properties
of the epoxy system used are shown in Table 2-2.
Table 2-2. Physical properties of the epoxy system used.
Property

Unit

Value

Flexural Strength

mPa

138

Compressive Strength

mPa

69

Tensile Strength

mPa

41

Temperature range of use

°C

-65 to +105

Dielectric Strength

kV/mm

15.7

Dielectric Constant @ 60 Hz

-

3

Dissipation Factor @ 60 Hz

-

0.02

14
Volume Resistivity @ 25°C

Ohm-cm

6x1014

The silver paint provides good electrical contact between the layers. Finally, two brass
end-caps (0.25mm in sheet thickness, 0.6mm in cap-depth, 13.2mm in diameter and 3.4mm in
crown diameter) were bonded to each side using epoxy. The entire assembly was kept under
uniform stress and cured in a furnace at 120 °C for 30 minutes. Since the transducer was
assembled by hand, it was difficult to control the epoxy thickness and width precisely
contributing to a shift in the resonance frequencies of the cymbals varied from sample to
sample within a few kilohertz[14]. Therefore, special care had to be taken with the epoxy
thickness and it was maintained at approximately 20µm.

2.3 Fundamental pump setup

Figure 2-3. Image of experiment prototype with Teflon housing and brass supporting pins.
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Figure 2-3 shows an image of the fundamental pump setup. An illustration of the same,
with dimensions, is shown in Figure 2-4. The Teflon cylinder used is 11.25mm thick with a
55mm outer diameter. The inner diameter is 32.5mm and the inside depth is 9.5mm. Fluid
level in the Teflon container was maintained in the range of 2.5mm to 5.5mm above the top
surface of the cymbal. A glass pipe (1.5mm inner diameter and 3mm outer diameter) was
mounted vertically above the top surface of the cymbal, using a micromanipulator arm that
allows precise control motion in the z-direction and therefore enables control of the ‘gapheight’ parameter. Here, the gap-height is defined as the distance between the plane of the
orifice of the pipe and the crown of the brass end-cap. The maximum possible diameter of the
pipe was limited by the end-cap crown diameter.

Figure 2-4. Illustration of the cross-sectional view of the pump test structure with teflon
housing and brass supporting pins.
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This prototype was specifically designed to accommodate proper under water testing for
the cymbal. The brass pins were chosen to minimize the contact between the holding structure
and the cymbal while still being able to maintain its position parallel to the plane of the
overhead glass pipe. These brass pins were also equipped with a spring and controlling screws
in order to vary the force with which the cymbal was being held. Teflon was chosen as a
suitable material for the holding cylinder as it was a soft material and was less likely to
interfere in the vibration modes of the cymbal.

2.3 Driving modes

Figure 2-5. Illustration of the effect of driving modes on the bending of the cymbal transducer.
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The main advantage of having a double-layered disk is that the cymbal can behave both,
as an “in-phase” extensional or an “out-of-phase” bending actuator[15] depending on the
poling orientation of the ceramic disks (Figure 2-5). Here we also define the drive modes that
will be used throughout this thesis. The “monopole mode” is defined as the two ceramics
being driven at the same voltage and “in-phase” (0° phase difference) and the “dipole mode” is
defined as the ceramics being driven at the same voltage but “out-of-phase” (180° phase
difference).
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Chapter 3

Principle of operation

When we consider the wave dynamics of the medium actuated by the cymbal, dissipation
due to the viscoelasticity causes acoustic waves to decay over a certain attenuation length,
resulting in an oscillatory velocity field with exponential time dependence, with zero time
average. However, the oscillation amplitude of a fluid particle decreases in one half cycle as it
moves away from the source; conversely, its amplitude increases as it moves toward the
source. Oscillating fluid particles thus constantly impart momentum to the fluid, driving a
secondary streaming flow away from the acoustic source[16-20]. This rectification of force
comes from the nonlinear inertial term.

Figure 3-1. Free body diagram of cymbal and fluid in pipe system.
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A simple way of understanding the process is to analyze the fluid mass rising in the pipe
as a single entity or a ‘free body’, at any time ‘t’ inside the pipe and treating the whole setup as
a Newtonian free body diagram (Figure 3-1). Initially the forces acting on this fluid mass are
(a) surface tension (T.2πr), in the direction of flow, (b) the weight of the fluid mass (ρ.πr2.h.g),
against the direction of flow, (c) viscous force [viscous stress (μ.u/r) * area of contact (2π.r.h)]
and (d) pushing, acoustic force from the cymbal (Pc.πr2), supporting the flow. The net sum of
these forces can then be equated to the inertial force which is given by [ρ.πr2h.g].d2h/dt2. Here,
‘h’ is the height of the fluid column and is a function of time, ‘r’ is the internal radius of the
pipe, ‘μ’ is the coefficient of kinematic viscosity and ‘ρ’ is the fluid density. As the period of
oscillation of the fluid particles is orders of magnitude less than the period of oscillation of the
cymbal, the acoustic force from the cymbal (Pc) can be simplified and assumed as a constant
pressure source. In this case, the fluid velocity ‘u’ can be taken as the first derivative of the
fluid column height (dh/dt).
On summing the net forces, we get,
·

·2

–

·

·

2

·

·

·

·

(3-1)

Solving for h, we get,
1

0

(3-2)

Where,
·

,

·2

,

·

·

and

2

Equation (2) can be solved with the boundary conditions: (a) at t=0, h>0 and (b) dh/dt =
0 as t approaches infinity, for an accurate expression for the fluid column height as a function
of time. The saturated height h = (A+B)/C, where A Pc and Pc is originated from μ (we do not
know how Pc is correlated with μ precisely at this moment).
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As an example, amongst the fluids used for the experiments, DI water (a less dense fluid)
should be easier to pump in the upward direction against gravity as opposed to Galden (a
denser fluid). But the experimental results (see Table 3-1) help confirm our theory, because
the coefficient of dynamic viscosity, µ, for Galden is almost 2.5 times that of DI water.
Although the exact dependence is not clear at the moment, it is obvious that µ is directly
proportional to the saturated fluid column height in this case. Also as expected, after a certain
finite time period t, the fluid column height tends to saturate and the velocity term goes to
zero.
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Chapter 4
Optimization of Pump Design Parameters

One of the key concepts in the operation of the pump is that the pump pressure is
simultaneously dependant on a minimum of five parameters (Figure 4-1). Three of them being
the drive parameters: frequency, phase difference and input voltage. The other two, gap-height
and fluid medium are external physical parameters but are equally important.

Fluid
Medium

Gap Height

Frequency
Pump
Pressure

Phase
Difference

Input
Voltage

Figure 4-1. Dependence of the pump performance on various parameters.

This chapter discusses the characterization of these parameters via simulation and
practical experiments.
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4.1 FEM Simulation

PZT thickness, brass sheet thickness, cymbal diameter and cap-depth are the parameters
that control the cymbal displacement, frequency etc. and consequently the pump performance.
To get an accurate estimate of these parameters and therefore successfully design the cymbal,
FEM simulations are usually performed.
The FEM (Finite Element Method) ATILA Version 6.00 (Distributed by
Micromechatronics Inc., State College) was used for modeling and analysis of the cymbal
structure under various boundary conditions. A 2-Dimensional Finite Element Modeling was
performed. This provided a quick and fairly accurate simulation result. The displacement of
the cymbal end-cap under water was used as a measure for the design optimization.

Figure 4-2. Electric and polarization conditions for ATILA simulation.

4.1.1 Admittance characterization

These simulations also provided information on variation in operational frequency based
on variation of factors like cymbal dimensions, materials and the effect of different fluids. As
shown in Figure 4-2, these boundary conditions include electric potential, material assignment
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etc, which are required to simulate the actuator movement for the monopole and dipole drive.
Figure 4-3 shows the simulated resonance frequency for the cymbal, corresponding to the
dipole drive.

1.20E‐04

Admittance (Ω-1)

1.00E‐04
8.00E‐05
6.00E‐05
4.00E‐05
2.00E‐05
0.00E+00
1.80E+04

1.95E+04

2.10E+04

2.25E+04

2.40E+04

2.55E+04

Frequency (Hz)
Figure 4-3. Simulated admittance curve for 2D cymbal in Galden fluid and dipole drive.

4.1.2 Cymbal cap-depth

Amongst the above-mentioned parameters, the cap-depth is considered to be one of the
most significant parameters with respect to device engineering. Therefore, the initial goal was
to design the cymbal, with an optimum cap-depth in order to get maximum endcap
displacement. Based on the results shown in figure, a cap-depth of 0.6mm was finally chosen
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for the cymbal design even though the displacement for the monopole drive increases
monotonously with a decrease in the cap-depth. This is because the dipole drive shows the
maximum displacement under water.

(b)

0.6
0.5
0.4
0.3
0.2
0.1
0
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cap Depth (mm)

Cap Displacement (µm)

Cap Displacement (µm)

(a)

0.1
0.08
0.06
0.04
0.02
0
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cap Depth (mm)

Figure 4-4. Cymbal end-cap displacement v/s cap-depth for (a) dipole and (b) monopole drive.

4.2 Experimental setup

An NF Electronic Instruments DF-194 Variable Phase Digital Function Synthesizer was
used to drive the cymbal, along with a TREK PZD 350 Dual Channel Amplifier. A Polytec
OFV3001 Vibrometer Controller was used to measure maximum displacement and vibration
velocity at the center of the cymbal. The HP4194A Impedance analyzer (Hewlett-Packard)
was used to measure the impedance curve of the actuator and subsequently obtain the
resonance frequency from it.
To characterize the gap-height influence and see its effect on the pump pressure, the
existing setup was modified. An eddy current based displacement sensor (Kaman SD-P2810)
was setup and connected to the manipulator arm, bearing the glass tube. This enabled accurate
measurement of the gap-height into the micron range as the sensitivity of the device was
20µm/V. The block diagram (with images) of the setup has been shown in Figure 4-5.
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Figure 4-5. Illustrative block diagram of the experimental setup.

4.3 Fluid selection

The preliminary experiments for testing the performance of the pump were done using
regular water as a fluid. In order to avoid a short circuit situation due to the conductive nature
of water, the cymbal was coated with a water-proof, polyurethane solution. But this caused
irregularities like spurious peaks in the impedance spectra and consequently affected the pump
performance. Another problem caused by this coating was that it started to burn up at higher
operating voltages, totally damaging the cymbal surface.
To combat this issue and eliminate the polyurethane coating, two fluids were shortlisted
for their favorable thermal properties and high electrical resistivity (Table 4-1); de-ionized
(DI) water and HT-200 (Solvay Solexis, Inc., would be referred to as ‘Galden’ henceforth).
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Based on the preliminary theoretical analysis, it was anticipated that due to the non-linear
behavior of the fluid, it has a heavy dependence on the viscosity term and therefore the pump’s
performance for a more viscous fluid should be much better. This has been further discussed
in the next chapter.
Table 4-1. Comparison of thermal and electrical properties of DI water and Galden.

DI Water

Galden

0.6

0.06

4.18

0.97

0 to 100

-20 to 180

106

1015

Thermal Conductivity
(Wm-1K-1)
Specific Heat Capacity
-1

-1

(J.g .K )
Operating Temp. Range
(ºC)
Resistivity
(Ω.cm)

4.4 Drive parameters

To begin with, the resonance frequency of the cymbal transducer (monopole mode), in
the fluid medium (Galden) was determined by a low voltage impedance characterization, using
a Hewlett-Packard 4194A Impedance analyzer. But this electrical characterization is not
completely accurate since the Impedance analyzer characterizes the ceramics for low power
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whereas this device would be operating at a much higher range. In order to characterize the
pump under service conditions, a high power characterization was done, using the HiPoCS
system[21]. A frequency sweep (18 to 35 kHz) was performed at constant voltage (50 Vrms),
also in monopole mode. Figure 4-6 shows the resonance frequency obtained from this method.
This provided a range of frequencies to work with. Most of the following experiments to
characterize the phase etc. were performed by varying the frequency around this range.

Frequency (Hz)
1.90E+04 2.00E+04 2.10E+04 2.20E+04 2.30E+04 2.40E+04 2.50E+04
1400

Impedance (Ω)

1500
1600
1700
1800
1900

Figure 4-6. Impedance curve for cymbal using HiPoCS at constant voltage (50Vrms).

Based on the results from the FEM analysis, which showed a significant change in the
performance (endcap displacement) of the pump by varying the phase difference, the effect of
phase difference (between the two ceramic disks of the cymbal) on the pump pressure was
investigated. The main reason for the selection of a double layered cymbal was the variable
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phase difference. As described previously in chapter 2, the variable phase difference allows
the cymbal to be driven in different modes. The effect of varying the phase (between the two
ceramics), on the performance of the pump was recorded with a view to determine the
optimum phase difference for maximizing the back pressure. The pump was operated around
resonance for all these experiments.

4.5 Gap-height

Finally, the gap-height parameter was optimized. As mentioned earlier and also in the
paper by Ueha et al., the gap-height is another significant parameter affecting the pump
performance. By keeping the phase fixed at the optimum value and varying the voltage,
frequency accordingly, an attempt was made to record the effect of varying gap-height on the
back pressure. Initial experiments were inconclusive as the distance between the pipe and the
cymbal surface on the z-axis was being controlled manually by adjusting the vertical arm of a
micromanipulator setup. The gap-height is illustrated in Figure 4-7.
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Figure 4-7. Cross-sectional view of pump setup illustrating the gap-height parameter.

In order to get a more accurate estimation of this distance, the gap-height, the existing
setup was modified. As described in the previous chapter, an eddy current based displacement
sensor was setup and connected to the manipulator arm, bearing the glass tube. This enabled
accurate measurement of the gap-height into the micron range as the sensitivity of the device
was 20µm/V.

Chapter 5
Results and Conclusion

The results, analysis and conclusions from the experiments discussed in the previous
chapters are described in detail in this chapter. Starting with the optimum driving mode for
this pump, this chapter covers all the other parameters such as the choice of fluid and the
effect of the gap-height. All these discussions culminate in the final performance results for
this pump and its resultant consequences.

5.1 Results

5.1.1 Drive mode

The three drive parameters, i.e., phase difference, frequency and input voltage were
optimized for maximum back pressure. Based on experimental results, the optimum drive
mode for the cymbal was found to be the dipole drive; wherein both ceramics are being
driven at the same amplitude but with a phase difference of 180º. Figure 5-1 shows the
variation of maximum fluid column height obtained with respect to changing phase. This
could be also viewed as a trend of maximum pressure versus phase difference as the pressure
is given by (ρ·g·h), ‘h’ being the fluid column height and, ‘g’ (acceleration due to gravity)and
‘ρ’ (fluid density) being constants.
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Figure 5-1. Effect of varying phase difference on pump pressure.
To confirm the reason behind this, the cymbal end-cap displacement was analyzed using
a laser vibrometer setup. The cymbal was driven in both the monopole and dipole modes in
Galden fluid (at 10Vrms and 31.4kHz). A comparison of results in Figure 5-2 shows an
increase of up to 1.35 times in the displacement amplitude (peak to peak) for the dipole
mode.
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Figure 5-2. Comparison of cymbal end-cap displacement for monopole versus dipole mode.
This can also be explained by the reduction of the fluid load distribution due to the
asymmetric end-cap motion, which will not change the volume of the transducer
significantly. Whereas, the symmetric motion of the two end-caps in monopole mode changes
the transducer volume significantly, leading to the resonance frequency shift to the lower
level than the dipole mode.

5.1.2 Choice of fluid

The experimental results confirmed the possible theory discussed in chapter 3. Results in
Table 5-1 show that Galden performed much better with respect to DI water due to its higher
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kinematic viscosity (2.5 times that of DI water). The given data in Table 5-1 summarizes the
difference in maximum pressure for the two fluids while keeping the drive voltage and phase
difference constant.
Table 5-1. Comparison of fluid column heights.
DI Water

Galden

Density (g/cm3)

1.00

1.79

Viscosity (cSt)

1.0

2.4

Initial Height (mm)

13

1.5

Vf = Vb (Vrms)

180

180

Frequency (kHz)

32.4

27.3

Phase (deg)

180

180

Max Height (mm)

30

>300

It also compares the fundamental physical properties of DI water and Galden. While
both fluids are good insulators, the density of Galden is almost double that of DI water. Yet,
the maximum fluid pressure obtained by the cymbal for the Galden fluid is an order of
magnitude higher than that for DI Water. One possible explanation is the fact that the
kinematic viscosity of Galden is also approximately 2.5 times that of DI Water. The non-
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linear behavior of the fluid, as described in chapter 3, has a heavy dependence on the
viscosity term and therefore the pump’s performance for Galden as a fluid is much better.
The maximum back pressure observed in the pump using DI water as a fluid was 0.29 kPa
whereas that observed while using galden as a fluid was greater than 5.3 kPa. The
performance increases by a factor of almost 20.

5.1.3 Frequency and voltage variation

The variation of operating frequency and pump pressure with changing drive voltage
(dipole mode) at constant gap-height (10µm) is shown in Figure 5-3. Though the resonance
frequency in a PZT disk usually shows a decreasing trend with increasing the driving voltage,
for the cymbal situation under Galden, the optimum operating frequency actually increases
almost linearly with increasing voltage. As expected, the maximum fluid pressure is obtained
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Figure 5-3. Pump pressure and optimum frequency versus drive voltage at constant phase
difference of 180°.

5.1.4 Effect of gap-height
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Figure 5-4. Variation of the pump pressure with changing gap-height, by keeping the driving
voltage and frequency constant.
Figure 5-4 shows the variation of the pump pressure with changing gap-height, by
keeping the driving voltage and frequency constant at 60Vrms, 20.4kHz for one case and
50Vrms, 21.2kHz for the other. After several experiments, it was determined that the gapheight can range from a minimum of zero (i.e. contact with cymbal surface) to a maximum of
20µm, for the operation of the pump. One possible explanation is that at such a small gapheight, the cymbal almost acts like a piston and at that high frequency, creates a suction effect
for the fluid to be channeled into the glass pipe.
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5.2 Conclusion

In this thesis a miniaturized ultrasonic pump with a cymbal transducer was introduced.
The pump is valve-less and comprises of a small gap just above the transducer. A preliminary
theory, explaining the working principle of the piezoelectric pump was suggested. The
dependence of the saturated fluid column height on the cymbal pressure and consequently the
coefficient of kinematic viscosity was shown.
To improve pump performance, external physical parameters like fluid viscosity and
gap-height were optimized. The pump performed much better for more viscous fluids such as
Galden. Next, using Galden as the fluid, we optimized the drive parameters; phase difference
of 180 degree, gap-height less than 20µm and driving frequency of 27.3kHz. Using this
configuration, we achieved a maximum back pressure of 5.3kPa.

Figure 5-5. Image of the final pump prototype.
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The flow rate was measured using the same driving conditions as those for the
maximum fluid pressure, the Galden fluid was allowed to drop into a separate vessel and
weight change was recorded. The maximum flow rate recorded was 10ml/min. These results
are in the same range as similar researches but are achieved with approximately an eight
times reduction in volume. Based on the above results the final pump prototype was designed
as shown in Figure 5-5.
The cymbal actuated valveless pump showed a good size/performance ratio, and thus is a
promising candidate to find application in miniaturized electronic devices. The immunity to
any kind of electromagnetic noise also suggested that this device can be used with medical
equipment operating under high magnetic fields such as MRIs.
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