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ABSTRACT

Microarrays of bioactive substances are becoming more and more
important for medical diagnostics and drug research. The ability to
carry out assays in parallel in a microarray format is required for
high-throughput screening (HTS). This thesis presents a new type of
dispenser that dispenses 384 droplets of a volume of 65 pL in
parallel in a 16x24 array format onto a substrate (biochip) at a
spacing of 500 um. The dispenser is continuously loaded from a
standard 384 p-titer plate with a well spacing of 4.5 mm during
dispensing.

A novel technology for a micro-fabricated 2-dimensional dispenser
has been developed. One-dimensional dispenser arrays are
constructed by lamination of structured flexible polymer sheets and
the desired two-dimensional array is obtained by stacking the
required number of dispenser rows. Microlithographic technique
followed by reactive ion etching or Laser ablation is used for precise
structuring of the fluidic channels and dispenser nozzles. Printing is
activated by piezoelectric actuators integrated onto the polymer
sheets. The flexible construction allows a format transfer from a
standard 384-well plate to the final two-dimensional array printing at
a pitch of 0.5 mm.












PREFACE

The goal of the presented work is to evaluate and demonstrate the
feasibility of using micromachined elements in an integrated
miniaturized 2-dimensional multi-channel for liquid aspiration and
dispense. The developed dispenser is integrated as sub-system in
automated equipment for pharmaceutical and biotechnology
industries for "printing" arrays of bio-active molecules on various
types of substrates (biochips) for medical diagnostics and drug
screening. While miniaturization of the components is the key for the
success of the project, the emphasis, however, is put on the
manufacturability of the integrated "printing head" and the reliability
of its operation.

This thesis is presented in two major parts. In the first part, the 384-
channel dispenser is presented as a global system and it is shown
how the task has been solved including the characterization of the
384-channel dispenser and conclusion. Most of the technology steps
and intermediate prototypes and their characterization are published
in articles and proceedings. These are part of the thesis and marked
as Ref. 1, 2, 3, 4 and 5, see appendix, where they are added in their
full length. As a short introduction, the titles of the Ref. 1-5 are listed
below. Other references are mentioned with the name of the first
author and the year of publishing e.g., [Lankard, 1992].

Ref. 1
A high insulating thin film ZnO piezoelectric actuator on a Polyimide
substrate.



Ref. 2
Polyimide Membrane with ZnO Piezoelectric Thin Film Pressure
Transducers as a Differential Pressure Liquid Flow Sensor.

Ref. 3

Two-Dimensional Parallel Dispenser for Micro-array Printing.

Ref. 4
A Modular High Density Multi-channel Dispenser for Micro-array
Printing.

Ref. 5
A Highly Parallel Piezoelectric Printing Device for Micro-Array
Technology.
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Introduction

1 INTRODUCTION

1.1 General introduction

The motivation of this thesis is the development of a 2-dimensional
multi-channel dispenser. The main goal is to increase the parallel
dispensing capabilities compared with existing dispensers. For high
throughput applications the droplet volume should be kept as small
as possible because sample preparation is tedious and expensive.
The main application of the developed dispenser is printing of
microarrays applied for research in the field of life sciences. First, in
this chapter, a short introduction of microarray technology is given
below followed by the state-of-the-art printing technology and, finally,
the concept of the dispenser.

1.2 Microarray technology

It is widely believed that thousands of genes and their products in a
given living organism function in a complicated and orchestrated way
create the mystery of life. However, traditional methods in molecular
biology generally work on a “one gene in one experiment” basis,
which means that the throughput is very limited and the whole
picture of gene function is hard to obtain. In the past several years,
DNA microarray has attracted tremendous interests among
biologists. This technology promises to monitor the whole genome
on a single chip so that researchers can have a better picture of the
interactions among thousands of genes simultaneously.
Terminologies that have been used in the literature to describe this
technology include, but are not limited to biochip, DNA-chip, DNA-
microarray and gene array, [Ramsay, 1998].
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DNA-microarrays are fabricated by high-speed robotics, generally on
glass but sometimes on nylon substrates, for which probes with
known identity are used to determine complementary binding, thus
allowing massively parallel gene expression and gene discovery
studies. An experiment with a single DNA chip can provide
researchers parallel gene expressions - a dramatic increase in
throughput. Many fields, including drug discovery, toxicological
research, disease diagnosis and gene discovery benefits from the
use of DNA-microarray technology. There are several steps in the
design and implementation of a DNA-microarray experiment as
shown in table 1.1: First a probe with a know identity (CDNA,
chromosome, etc) are prepared in standard well plates. These
samples are loaded into a dispenser and are then spotted onto a
DNA-microarray by pipetting, by contact or non-contact printing such
as piezoelectric dispensing. The DNA microarray is then covered
with a target. The target, of an unknown identity, is tagged with a
fluorescent label. In the hybridization step, the probe can bind with
the labeled target when they are of complimentary nature. After
hybridization step, a wash cycle is performed to remove excess
target material from the microarray surface. The information of the
reaction can be read optically using a scanner by measuring the
fluorescence activity of hybridized probes. The last step is the data
mining from the scanner image.

1) 2) 3) 4) 5) 6)

Probe Chip Target Assay Readout Informatics
cDNA Fabrication, | Fluorescently Hybridiza | Fluoresc | data mining,
with dispensing, labelled sample, | tion and | ence with | visualization
known pipetting, unknown washing scanners

identity lithography identity

Table 1.1: Design of a DNA-microarray experiment, modified from www.gene-
chips.com
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Microarray technology allows an unprecedented view of biological
systems by allowing genomics to be examined on DNA-microarray.
What used to require several weeks per gene with traditional assays
using nylon membranes and radioactivity can now be performed in
less than a day for 10’000 genes. The pillars of the microarray
industry are similar to those that have served as the foundation for
the computer chip industry: parallelism, miniaturization and
automation of sequence information for microarray manufacture and
analysis. Much has been published regarding the power of
microarray technology for use in genomics (functionality of genes)
and proteomic (functionality of protein) applications. What was not
clear to the life science industry in 1995, when Marc Schena wrote
the first paper demonstrating the usefulness of microarray
technology, is clear now... microarray technology is here to stay,
[Schena, 1995].

1.3 Microarray life cycle

A microarray life cycle can be divided into five subjects as shown in
figure 1.1. The cycle starts with a biological question focusing of the
study. Next is the sample preparation, samples are usually prepared
in 384-well plate and small droplets are then spotted onto a
microarray. The microarray reaction is done by hybridization. A
scanner detects optically the results of the hybridization. The image
of the scanner is then analysed and data mining is carried out by
informatics.

Microarray analysis has made biological interrogation technique
more important than ever. Because of the enormous power of
microarray assays as data generating devices, a single set of
microarray experiments often generates an amount of data that
requires several months to analyze. It is important to emphasize that
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microarray analysis is fundamentally different from traditional assays
that employ gels and nylon membranes. In traditional assays, the
ratio of analysis time to experimental time is small, and in microarray
assays this ratio is enormous. It is therefore suggested that a
biological or technical question precede the other four basic step of
the life cycle (sample preparation, microarray reaction, microarray
detection, data analysis) of every microarray experiment, figure 1.1.
If the experimentalist adheres to this basic methodological principle,
the microarray data glut is more easily managed.

Microarray experimentation should begin with a question, but need
not begin with a hypothesis. The distinction seems subtle, but again
the difference is actually substantial. Starting with a question means
that the focus, scope, and intent of a study has been formulated prior
to undertaking an experiment. Starting with a hypothesis means that
the study has been undertaken with an a priori understanding of
what the outcome is likely to be. Because microarray analysis allows
a totally unprecedented look at biological systems it is often
impossible to formulate a hypothesis a priori because so little
guantitative information is available about biological systems at the
genomic level.

Biological
ﬂ Question
Data Analysis m X
i . Sample
& Modeling  nrioroarray P

Preparation

i& Life cycle
Microarray ‘j

Detection & Microarray

Reaction

Figure 1.1: Schematic of the microarray assay life cycle with the five main steps.
Every microarray experiment should begin with a biological question or query and
proceed stepwise. Successive rounds of experimentation provide an increasingly view
of biological function, [Source: Schena, 2000].
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1.4 Methodology

The methodology describes the most important criteria, which a
printing technology has to fulfill for a successful microarray printing.
The eight points, listed below, cover mostly the requirements of the
end user. The end user is the person who operates the spotting
device. These points have been taken into account during the
development of the concept for the present device.

1. Print uniform spots measured in micron
One of the largest benefits of microarray technology is
using very small amounts of precious sample to
generate tremendous amounts of valuable data. By
definition, a microarray contains array elements that are
microscopic.

2. Print individual spots in regular array patterns
Samples must be printed to order and kept in order. A
spotting technology that does not put samples in ordered
rows and columns is useless, since it would be
impossible to track results.

3. Easy to implement
For a microarray technology to be used, it must be
integrated in a traditional research setting with a minimal
amount of additional training. The technologies that are
easily implemented will be widely used. Widely used
technologies allow laboratories all over the world to
share methods, which will ultimate lead to standards.
Microarray technology has no official governing body,
therefore the most widely used methods and
technologies become de facto standards.

4. Cost effective/affordable
The limited budgets of research institutions require a
technology to be cost effective and affordable. A
technology must be durable, easy to maintain, and
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scalable. Most labs start out at low-density 1-d
microarrayers, and build up to high-density 2-d
microarrayers. Therefore, having a sample delivery
technology that is scalable increases its cost
effectiveness and utility.

5. Print without damaging the sample

Not every sample is going to survive being shot out of a
piezoelectric device, stamped out by a pin, or heated by
a thermal printer. Some contact printing technologies
have been documented to damage glass and nylon
based surfaces.

6. Easy to fix and maintain

All laboratory equipment requires some maintenance.
Typically the more sophisticated the technology, the
more difficult it is to maintain and repair. Microarray
printing techniques with high-level performance, easy
maintenance and repair, with minimal effort and training
are best.

7. Compatible with a variety of scientific applications

Microarray technology has its roots in DNA research, but
it is not limited to genomics. A variety sample types are
being printed in the fields of proteomics. The disciplines
taking advantage of microarray technology are endless.

8. Print multiple samples, multiple times on multiple substrates
with one efficient loading of sample

Sample preparation is tedious, expensive and primarily
done in 384 well formats, which makes the handling of
samples very important. Loss of sample at any step of
microarray manufacturing, storage and processing
should be minimized as much as possible. Printing
multiple times from one loading of sample is critical for
high-throughput. The best technologies make the most
spots, over the highest number of substrates, from the
lowest single sample volume.
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1.5 Printing technology “State-of-the-art”

Microarray manufacturing technologies can be divided into two basic
groups, contact and non-contact printing. Contact printing
technologies for manufacturing microarrays currently include solid
pins, split pins, quills and tweezers, capillary tubes. Non-contact
printing technologies include solenoid, thermal and piezo devices
and more recently electrostatical devices.

1.5.1 Contact printing

Contact printing is still widely used for microprinting. Contact printing
involves direct contact between the pin and the solid surface. The
printing can be done parallel from 4 up to 384 pins at a spacing of
4.5 or 9 mm. The 4.5 mm spacing allows loading the pins from a
384-well plate. Once the pins are loaded 200 to 400 spots can be
printed per load. Spot sizes of 75 to 360 um are possible depending
of the pin dimensions. The spotted volume is about 0.5 nL to 3 nL.
Different pins are shown in figure 1.2.

Micro Spotting g -
Tweezer Split Pin Pin s Solid Pin

= 100 nl slot
s 200 nl slot

s 500 nl slot

Figure 1.2: Schematic drawings of the pin for a contact printing dispenser, [Source:
Schena, 2000].
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Contact printing has a major drawback, that it can be applied only to
solid surfaces. More and more other substrates such as Nylon,
plastics, etc. are used for microarray technology. It is also reported
that the pins damage the glass substrate and that the pins wear out.
Contact printing is very sensitivity to different surfaces properties. To
overcome these drawbacks non-contact printing is the technology of
choice.

1.5.2 Non-contact printing

Solenoid

Solenoid dispensing technique combines a pressure source with a
microsolenoid valve to provide quantitative dispensing in the low
nanoliter range up to microliter range. One system, commercialized
by Seyonic, has a MEMS fabricated flow sensor integrated for high
precision aspirating and dispensing volume control, shown
schematically in figure 1.3. The dispenser fills the sample from a well
plate by aspirating and dispenses contactless droplets to a substrate.
The heart of the system is the self-diagnosing microflowmeter
feedback controlled liquid handling system applied to each channel.
Real time monitoring of the performance and make on the fly
adjustments to compensate for variations like temperature, viscosity,
that would degrade the low volume performance of other
approaches.
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P | S solenoid valve

flow sensor

B

Figure 1.3: Schematic drawing of a solenoid valve dispenser including a flow sensor
for realtime volume measurements.

Solenoid dispensing technique is widely used for well-plate based
applications where a large dynamic range of dispensing liquid is
required. A 1-dimensional array dispensing different volume from 25
pL down to 25 nL is shown in figure 1.4. All solenoid printing
technique has the limiting factor of a minimal spotting volume of
some nanoliters, which makes it less suitable for microarray printing.
To overcome this limit a thermal or piezoelectric actuation is
required.

Figure 1.4: Dynamic dispensing range of Solenoid valve dispenser. The liquid volume
changes from 5 pL down to 25 nL controlled by a flowsensor. The spacing of the
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channel is 9 mm. The system is commercially available from Seyonic SA, Neuchétel,
[www.seyonic.com].

Thermal and piezo devices

Dispensing of droplets in the picoliter range is today well known from
ink-jet printers used in many households. There are two major
technologies available namely thermal and piezoelectric mechanism.

Thermal

Thermal printers use heat as part of the delivery mechanism. The
sample is repeatedly heated to create bubbles, which ejects drops of
sample from the nozzles to the substrate. A team of Japanese
researchers, led by Nobuko Yamamoto, adapted a Canon brand
bubble-jet printing head for printing spots of DNA onto glass slides to
create microarrays. However, to date there is no product available to
researchers using this method. A few of the technical hurdles this
group had to overcome were the temperature of 200C and the
shearing stress given by the droplets velocity of 10 m/s on the DNA
sample. Other hurdles are, first, how to efficiently pick-up samples
from micro plates and, second, how to change samples in the
thermal reservoir while avoiding cross contamination, [Okamoto,
2000].

Piezoelectric

A piezoelectric printing mechanism uses a dielectric crystal closely
apposed to a fluid reservaoir. Ink-jet printers from Epson are based on
this technology. The fast response of the crystal permits fast
dispensing rates, in the range of several thousands of droplets per
second. A piezoelectric dispenser with a glass capillary was
developed by Microdrop GmbH, Germany and is shown in figure 1.5.
By applying a voltage to the piezo, the capillary is squeezed and a
stroke volume of some hundreds of picoliter is created. The stroke

10
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volume generates a pressure wave, which accelerates the liquid and,
finally, a droplet is ejected through a narrow nozzle. The dispenser,
shown in figure 1.5, has a nozzle diameter of 75 um resulting in
droplet volume of 350 pL. The outer dimension of 4.5 mm does not
allow building a high-density array. To date, piezoelectric dispensing
technology has been shown making small numbers of gene
expression microarrays, but development into a commercially
available dispensing system has been slow, [Schena, 2000].

5 o

Tefion Tubing

i
|

i ‘L/""
1

s je—1imm

Ty ——

—she— 75 pm

Figure 1.5: Schematic view of piezoelectric dispenser with a glass capillary. This
dispenser dispenses 350 pL out of 75 pm nozzle. [source: www.microdrop.de].

Another approach of piezoelectric dispenser has been developed by
GeSiM, Grosserkmannsdorf, Germany. The channel and membrane
is dry etched into a Silicon wafer. The channels are sealed with a
glass wafer, which is anodic bonded to the silicon wafer. A
piezoelectric actuator is glued onto the Silicon membrane. The
nozzle is fabricated by dicing with a diamond saw following a
polishing step. A fabricated device is shown in figure 1.6. Droplets of
0.5 - 2 nL, depending on the geometry, are ejected at a driving
voltage of about 60 volt and repetition rate of up to 1 KHz.

11
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inlet

piezo actuator
<o

Figure 1.6: Schematic view of the micropipettes, [source: www.gesim.de].

The width of the GeSiM micropipettes is about 3 mm and does not
allow building a high-density array. The nozzle rim of the pipettes is
of different materials (Glass-Silicon), which results in different
contact angles between liquid and nozzle rim. It is not straightforward
to control the jet directionality for a stable spotting.

PicoJet, Hillsboro, OR, USA, developed a printhead based on
piezoelectric bending mode technology, as shown in figure 1.7. They
introduced a device made of stainless steel laminated sheets. The
stainless steel is photochemically patterned. Droplets of a volume of
50-70 pL are dispensed up to a frequency of 18 KHz.

12
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Stainless Steel stack

1 Orifice

~ _LInk drop
(v

[
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g

|

L

Piezoceramic-

Figure 1.7: Schematic view of laminated stainless steel sheets forming a printhead,
[source: www.picojet.com].

By bonding the stainless steel laminates using a low cost proprietary
metal-to-metal bonding process, all adhesives are removed from the
fluid path giving the dispenser the robust all metal construction
necessary to jet a wide range of fluid on porous and non-porous
surfaces. However, the filling of the complex fluidic path through the
different layers is not straightforward and air bubbles may be easily
trapped in corners and dead volumes. Another limitation of such a
device made as a solid block is that it cannot be built as 2-
dimensional.

A piezoelectric Silicon dispenser was developed by Thomas Laurell,
[Laurell, 1999]. This dispenser is filled by a flowthrough channel and
a schematic view is shown in figure 1.8. The dispenser is mainly
made out of Silicon wafers. The main processes are wet etching and
fusion bonding. The dispenser is limited to one nozzle, which makes
it less suitable for high-throughput microarray printing. Droplets of 50
pL are ejected at 500 Hz for an excitation of 50 volt. The droplet
velocity is around 3 m/s.

Crossection of the
third generation dispenser

S

Figure 1.8: Schematic view of the flow—through microdispenser, [Source: Laurell,
1999].

13
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An application that is investigated aims at interfacing
microseparation systems such as nano liquid chromatography or
capillary electrophoresis. The dispenser acts as a picoliter
fractionating unit and dispenses separated fractions onto high
density MALDI-TOF MS (matrix assisted laser desorption ionisation -
time of flight mass spectrometry) target plates.

A shear mode piezoelectric dispenser has been developed by
MicroFab, Plano, TX, USA, and is shown in figure 1.9. This print
head is fabricated from PZT (Lead Zirconate Titanate). The channels
are machined by diamond saw dicing. The device is assembled by
gluing. The nozzle surface is a polyimide sheet bonded to the end of
the PZT channels. The nozzles are fabricated by laser ablation,
[Wallace, 1998]. Droplets of 120 pL are ejected at a velocity of 2.5
m/s at a peak-to-peak driving voltage of 30 volt.

POLYIMIDE ORIFICE PLATE

- - BOND PAD for
FLEX CIRCUIT
THIN PZT
rORlFlCE

Figure 1.9: Printhead fabrication process: cover and orifice plate attachment and

G gy
b
\ la ctric Field

- Voltage

Poling
Direction

channel sealing, [Source: Wallace, 1998].

A critical point of this device is that the dispensing liquid is in contact
with the PZT material. If PZT material is exposed to liquids such as
water the piezoelectric activity will be reduced as function of the time.

14
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Another point is that the liquid is also in contact with adhesive used
for the lamination of the two PZT plates.

Picoliterinc, Mountain View, CA, USA, developed a new system,
which precisely transfers low nanoliter quantities of liquid between
microwell plates, figure 1.10. Droplets are ejected from a source well
plate to a receiving plate by acoustic droplet ejection (ADE)
technique. A piezoelectric transducer generates the acoustic energy.

/ Receiving well plate or substrate

‘ITH'I'IT]TI'I'I'I'I'ITI'I'I'I'I'I'I'I'I"I'I'ITI'I'I'I|

Fluid transferred ~—__"

== —

1

Acoustic coupling fluid

Source well plate

™ Piezoelectric transducer for the
production of focused acoustic waves

Figure 1.10: Schematic view of acoustics droplet ejection (ADE), [Source:
www.picoliterinc.com].

Acoustic drop ejection (ADE) is used to eject protein and DNA
solutions, suspension of mammalian cells, and immiscible and
miscible solutions containing multiple layers. Interactions of
chemicals with different surfaces can be altered by the use of
multilayer or immiscible solutions, [Mutz, 2002].

A unique combination of piezo technology and microfluidic cartridge
is being implemented by IMTEK, Freiburg, Germany. Schematic view
is shown in figure 1.11. The printhead consists of 96 microfluidic
channels. Each channel feeds one of the 96 nozzles by capillary
forces in an 8x12 pattern. The nozzles are set at 500 um spacing

15
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and the sample is pushed out of each nozzle by a pneumatic pump
activated by a piezo actuator. All 96 samples are delivered
simultaneously in nanoliter volume. What the company considers a
distinct advantage is likely considered a disadvantage by most of the
microarray community. The channels on the printhead are loaded at
the top of the printhead with a manual pipette. Since just about every
biological sample that is prepared for microarray spotting is done in
standard microtiter plates, the extra pipetting step required to
operate the device is cumbersome.

odmethod | new method
(pneumatic actuation) (direct displacement)
piezo-actuator piston

elastomer stamp

/ cooling plate
o

Cdl

actuation chamber

y
i supply channel from reservoir

A :
dlass cover reservoirs
nozzle amray

Figure 1.11: Schematic view of the TopSpot print head, [Source: de Heij, 2003].

Electrostatical

The first commercially available electrostatically actuated print head
was developed by Kamisuki, [Kamisuki, 1998]. The electrostatic
actuator comprises a silicon pressure plate and a corresponding
transparent ITO electrode, which is parallel to the pressure plate, as
shown in figure 1.12. They are assembled to keep the air gap
between electrodes within 0.2 + 0.015 um. The driving voltage is 38

16
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volt and the frequency goes up to 3 KHz. The droplet has a size of
160 pL at a relatively high velocity of 8 m/s.

Nozzle Orifice
Ink cavity Ink reservoir

Electrode Si0z2 3 Pressure plate

Figure 1.12: Schematic view of an electrostatically actuated print head, [source:
Kamisuki, 1998].

The advantage of this device is the low power consumption of a
calculated average power of about 150 uW per channel.

Conclusion

This overview is not necessarily exhaustive, but represents the
variety of liquid handling technologies available today to the
microarray community. There are many more other suppliers of
printing tools, which are not listed here. All, but the Imtek device, lack
highly parallel printing capabilities with spot spacing at 500 pm or
smaller. Today, microarray technologies require high-throughput,
which can actually only be reached by massive parallel dispensing at
a spot spacing of 500 um or smaller and by fulfilling most of the 8
rules mentioned earlier.

17
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1.6 Concept

Based on the analysis of the pro and cons of the existing devices, as
exposed in the precedent section, the concept of the new microarray
printing device has been investigated and is the subject of the
discussion below.

The state-of-the-art dispensers are all based on solid materials such
as glass, Silicon and Stainless steel. To build 2-dimensional nozzle
array in a microarray format is a difficult challenge. It was envisioned
to overcome this challenge by using flexible material. The flexibility of
the material allows building in modular way 2-dimensional printing
arrays.

The concept is based on the following conditions. First the dispenser
spots 384 droplets in parallel in a 16x24 array format at pitch of 500
pm. Second, the dispenser is loaded from the industry standard 384
microtiter plate at 4.5 mm spacing. The droplet volume has been set
to 65 pL which corresponds to a droplet diameter of about 50 um.
The device must be later scalable up to a 32x48 array format (1536
nozzles). This device would then be loaded from a 1536-well plate.
Finally, the device should be used without any complex robotics and
should be easy to use.

The bloc diagram depicted in figure 1.13, shows the principle of the
dispenser. Starting at the bottom, a 384-well plate acts as reservoir
for 384 different samples for the dispenser channels. The samples
can be prepared in 384-well plates as usually done today. The 384-
well plates are a standard in most laboratories and automation is
based on this format.

18
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Figure 1.13: Bloc diagram of a 384-channel dispenser including a 384-well plate as
reservoir.

From the well plate a format adapter is used to reduce the spatial
spacing of 4.5 mm to 500 um. The spatial reduction must be done in
x- and y-direction. The simplest solution is to use flexible materials
such as polymer. A polymer technology based on polyimide sheets
featuring micro-machined and sealed p-channels has been
developed during this work. The flexibility of the sheets allows
building a 2-d format adapter with 4.5 mm loading space and 500 um
dispensing spacing.

For non-contact dispensing, a print head is required. The selected
dispensing mechanism relies on piezoelectric actuator made of thin-
film piezo material or bulk PZT ceramics (Lead Zirconate Titanate).
The print head should be integrated in one piece in the format
adapter. Its integration into a polyimide sheet makes the fluidic
channel smooth and without discontinuities or fluidic interconnections
involving different material, thus eliminating sites at which air bubble

19
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could be trapped. Air bubbles would be detrimental to the device
performances as in most microfluidic devices.

The substrate (microarray, biochip) is placed over the print head at a
distance of 0.25 to 1 mm. The droplet diameter is 50 yum, given by
the nozzle size, and corresponds to a nominal volume of 65 pL. The
droplet velocity can be controlled by the actuation voltage in the
range of 1 to 4 m/s. The upward shooting has no influence on the
drop formation because the effect of gravity can be neglected
compared to that of the kinetic energy. For instance, the kinetic
energy is about 50 to 100 times higher than the potential energy at a
droplet speed of 2.5 m/s. The upward shooting avoids complex
robotics for positioning and displacing, the system becomes easy to
handle and can be displaced manually.

For microarray spotting it is a crucial requirement that no splashing
of the droplet when arriving on the substrate occurs. Splashing can
only occur when the surface energy of the free droplet is smaller
than the kinetic energy. Using the formula in table 1.2, the surface
energy is 0.57 nJ and the kinetic energy 0.20 nJ for a 65 pL water
droplet at 2.5 m/s. The relation E,;/Es, is then 0.36, meaning that no
splashing can happen because the droplet velocity is too small.
Splashing may occur for values of E,;/Es, 3 1, which would require a
droplet velocity of v@ 4.2 m/s. Therefore the droplet velocity has been
specified to be 2.5 m/s.
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E,=0-A, A=4.7z.r Legend:

5 E,, surface energy [J]
Ep=@-%-0)r surface tension of the liquid [N/m]
surface of a droplet [m?]
radius of the droplet [m]

1 2

~
w

E,. kinetic energy [J]

m  weight [kg]

v velocity of the droplet [m/s]
p  density of theliquid [kg/m’]
V  volume of a droplet [m’]

Table 1.2: Formules for the calculation of the surface and the kinetic energy for micro-
droplets. For values of Eyin/Es,r < 1 no splashing occurs.

The major advantage of the proposed concept is the flexibility of the
p-channel. A cross section of a polyimide sheet is shown in figure
1.14. The thickness of the polyimide sheet is only 150 um, being
flexible enough to assemble an array. By integrating piezoelectric
actuators and electrical contacts onto the sheets, a total thickness of
less than 500 pum can be achieved. Thus allowing a spot 2-
dimensional pitch of 500 um. The single sheets are precisely held in
place. All sheets are mechanically aligned by pin/bores and tightly
held together. This allows exchanging every single sheet by a
technician if a failure occurs.

The filling of the device with the samples stored in a 384-well plate,
is done using a small backpressure of some tens of mbar. The liquid
is pushed into the channels and flows up passing the restriction and
stops at the nozzle by the surface tension effect. All channels are
filled simultaneously. Once the channels are filled no backpressure
needs to be applied to operate the device.
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Substrate i
Droplets 65 pL o

Print head Piezoelectric
actuator

Format adapter Flexible Polyimide
sheet

150 pm
=

Liquid reservoir

Figure 1.14: Cross section of a polyimide sheet showing a single channel. The liquid
reservoir corresponds to the well of 384-microtiter plate.

A schematic 3-dimensional view of 384-channel dispenser is
presented in figure 1.15. Each sheet contains 24 p-channels, 24
actuators and 24 nozzles. To form a complete array, 16 of these
independent sheets are assembled together. The device is scalable
first by building only a one-dimensional array. A single sheet can
carry 24 channels at 4.5 mm spacing, 48 channels at 2.25 mm
spacing or any other customized sizes. Later, single sheets can be
added to build a 2-dimensional array up to 16 or 32 sheets. The
modularity allows building any shape for a maximum sheet size up to
150*150 mma2,

For high-throughput screening (HTS) it is crucial that the device dead
volume is kept as small as possible, since the preparation and the
sample itself can be very expensive. One single channel of the 384-
channel dispenser has an internal volume of only about 2 pL. Having
the channel filled once, thousands of 65 pL droplets can be
dispensed at a frequency of up to 1 KHz.
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Bio chip.

Print head lNozzle array 16*24
-Actuators | (center to center spacing 500 pm)
-Nozzles HH‘ |
-Restrictions

Flexible Polyimide sheet

Flexible Polyimide shee for each row

p-Channel

\Well plate 16*24

(center to center spacing 4.5 mm)

Figure 1.15: 3-dimensional concept of a 384-channel dispenser. This concept is
realized and characterized within this work.

Now that the overall concept of the new device is in place, the
technological steps that need to be investigated or developed for its
fabrication are exposed in the form of a roadmap. This roadmap has
been generated early in the project as a way to navigate through
technological details and associated risks, while keeping the visibility
of the overall goal in mind.

The different technological steps, as depicted in figure 1.16, consist
of independent sub-processes investigated individually to measure
the manufacturability of the device and the performances that could
be expected form the completed device.

After having solved point 1,2 and 3 in the roadmap the highest risk
was point 6. Because we were aware of the challenge in point 6, two
other less risky solutions in point 5 and 7 have been added. With this
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palette the risk could be clearly reduced and a successful outcome

has been achieved.

1. Patterning of Pi

2. Bonding of Pi/Pi

3. Piezo thin-film

- Plasma etching - Sagging - Magnetron
- Laser ablation - Sealing sputtering of ZnO

Y

If 3 fail /\ If 3 fails
alls 9

A 4

If 1,2,3 Ok

Y

5. PZT ceramics
one-sided actuation

6. ZnO thin-film

one-sided actuation

7. PZT ceramics
double-sided actuation

v

o
Droplets °

Actuator
PZT

Flexible
channels
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\

o
o

ZnO thin-film
actuator

v

o

o
Actuator 2
PZT

Actuator 1
PZT

v

Ok, Prototype

Advantages:
- reliable
- simplest design

Prototype failed because
of lack of stiffness of ZnO
actuator vs pressure.
Demonstrator of ZnO as
sensor is fulfilled and is
published in Ref. 2

Ok, Prototype

Advantages:
- lower driving voltage
- less noise (acoustic)

Figure 1.16: Roadmap of the developing steps for the fabrication of the 384-channel
dispenser. The different steps are explained in the following chapters.
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Starting from the top left of the roadmap, point 1, different patterning
technologies of polyimide were investigated. The best and fastest
solution is laser ablation. Next, bonding of polyimide sheets was
developed. Void free bonding is achieved for a sheet size 150*150
mmz or 6 by 6 inch square. In point 3, the sputter deposition of piezo
thin-film directly onto polyimide membrane was developed. Zinc
oxide (ZnO) was chosen because it can be deposited at a
temperature below 120 C. ZnO sputtered films were characterized
as actuators, Ref. 1, and as sensors, Ref. 2.

After developing points 1, 2 and 3 of the roadmap, three different
prototypes have been fabricated in parallel. ZnO thin-film actuators
would have the major advantage of complete integration onto
polyimide sheets. However, ZnO thin-film failed as actuator because
of lack of stiffness against pressure as will be shown later. The two
other prototypes, one-sided and double-sided PZT actuators, work
well and both types have been characterized for dispensing different
liquids and for different driving signals. The 384-channel dispenser is
built from 16 sheets using the straightforward design with one-sided
PZT actuation.

Compared to "traditional" ink-jet print heads, the system that is
proposed in this work differs in three major aspects: First, the nozzle
array extends in two directions instead of only one for ink-jet printers.
The nozzle spacing of 500 um corresponds to approx. 50 dpi density
and the 384-nozzle array is 8x12 mmz2. Second, each nozzle is fed
by its own individual reservoir and holds 384 different biological
active samples. Third, the printing system is filled from a standard
384-(16x24)-well plate format with an outer dimension of 85x130
mm.
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2 PIEZOELECTRIC ACTUATORS

2.1 Introduction

The heart of the dispenser is the printhead where piezoelectric
actuators are integrated. The non-contact dispensing of small
droplets (picoliter) requires a fast contraction of the channel. This
contraction has to take place within about 5-20 us for successfully
ejecting droplets. Piezoelectric actuators are able to generate such
fast contractions. Moreover, piezoelectric actuators can be integrated
into polyimide membranes. The challenge of using piezoelectric
actuators is the limited space given by the 2-dimensional nozzle
spacing of 500 um. Finite element modeling (FEM) was used to
analyze different layouts and to optimize the performance of the
actuators. As actuation material thin-film, bulk ceramic and polymer
piezoelectric material were analyzed.

2.2 Piezoelectric material

As shown on the roadmap in the introductory chapter, two different
approaches were developed for equipping the dispenser with
piezoelectric actuators. First, thin-film piezoelectric material was
deposited directly onto the polyimide membrane. This has the
advantage that the piezoelectric layer and its electrodes are fully
integrated. It was also expected that a thin-film layer would require a
much lower driving voltage than thick ceramic actuators. Moreover,
the nozzle spacing of 500 um in two directions could be reduced to
250 um for one of them. For the piezoelectric thin-film actuation
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layer, Zinc oxide (ZnO, wurtzite structure) had been chosen because
it can be deposited with no external heating by sputtering it onto the
polyimide membrane. ZnO does not require a subsequent electric-
thermal poling as would PZT (Lead Zirconate Titanate), or PVDF
(Polyvinylidenefluoride) because of its self-poling capability, [Zeng,
1998]. Another advantage is that no seed layer, as for instance for
AIN (Aluminumnitrate), is necessary, [Dubois, 1999]. This is an
important aspect as a seed layer must usually be deposited at
temperatures higher than the glass transition temperature Tg of
polyimide. The relative high surface roughness of a bonded
polyimide membrane compared to polished silicon has a minor
influence on the piezoelectric efficiency when using ZnO. On the
other hand, ZnO thin-films usually exhibit a low resistivity, preventing
low frequency operation. As a way to increase the resistance, a
PECVD (plasma-enhanced chemical vapor deposition) co-deposition
of two amorphous SiO, (Silicon dioxide) insulation layers was
selected. This allows increasing the film resistance as reported in
Ref. 1 and Ref. 2. Second, PZT ceramic material was chosen as
actuator. PZT plate actuators are commercially available in different
thicknesses. The plate can be diced to custom-sized shapes by
means of a diamond-blade saw in-house. The actuators were glued
onto thin-film metal-electrodes. The advantages of the PZT plate
actuators are their stability and reliability. Their drawback is that
more handling is required during the fabrication process.

2.3 The piezoelectric constitutive equation

Piezoelectricity is the property of some materials to develop electric
charge on their surface when mechanical stress is exerted on them.
An applied electric field, on the other hand, produces a linear
proportional strain in these materials. The electrical response to the
mechanical stimulation is the so-called direct piezoelectric effect
(e.g. used in sensors) and the mechanical response to the electrical
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stimulation is called the converse piezoelectric effect (e.g. used in
actuators). The piezoelectric constitutive equations are defined by
four different forms and are shown in table 2.1, [Ikeda, 1990].

Strain-Charge or d-form

S=s. XT +d xE
D=dxT +e;, XE

Stress-Charge or e-form

T =c.xS- exE
D =exS+egxE

Strain-Voltage or g-form

S=s,°T+g>D
E=-gxT +e'xD

Stress-Voltage or h-form

T=c,>S+h:D
E=-hxS+e&' D

Table 2.1: Piezoelectric constitutive equations.
UNITS AND DESCRIPTION OF SYMBOLS

S = strain [m/m]

T = stress [N/m2 or Pa]

E = electric field [V/m]

D = electric displacement [C/m?]

er = dielectric constant, free [-]

es = dielectric constant, clamped [-]

d = piezoelectric tensor, strain/field at const. Stress [C/N or m/V]
g = piezoelectric tensor, electric field/stress at const. Stress [Vm/N]
e = piezoelectric tensor, stress/electric field at const. strain [C/m?]
h = piezoelectric tensor, electric field/strain at const. charge [V/m]
Sg = elastic compliance at constant electric field [m2/N]

sp = elastic compliance at constant charge density [m2/N]

Cg, Cp = elastic stiffness [N/m?]
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Between the different piezoelectric constants transformations are
possible. Often, manufacturers only give one set of piezoelectric
coefficients instead of all four. Using a FEM program requires a
certain set of piezoelectric constants, usually the d or e-form. The
FEM program ANSYS 7.1 only works with the e-form and CFDRC
2002 can select between e- and d-form. The most important
transformations for converting piezoelectric constitutive data from
one form into another one are shown in table 2.2.

d-form to e-form d-form to g-form

— -1 — -1
e =d xs; g = e;  xd
e-form to h-form g-form to h-form

— -1 — -1
h=e; xe h =g xs,

Table 2.2: Transformations of piezoelectric constants.

A complete set of piezoelectric constants for different PZT
composites are given by Morgan, [Morgan, 1999].

2.4 Principle - models and boundary
condition

For successful droplet ejection, the actuator must generate a stroke
volume by deforming the channel. This stroke volume must be about
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twice the volume of the ejected droplet and is around 130 pL in our
case. Meaning that one part (65 pL) of the volume is ejected through
the nozzle while the other is flowing backward through the fluidic
restriction into the supply channel. A fluidic restriction reduces the
backward flow and therefore, the driving voltage. The restriction is
placed at one end of the piezoelectric actuator and at the other end
of the actuator is the nozzle. The droplet is only ejected when the
actuator creates a sufficient large stroke volume. The stroke volume
generates a pressure wave in the channel, which accelerates the
liquid column and a droplet is forced out of the nozzle. The break-off
of the droplet is complete in about 65 ps after having applied the
driving signal. The driving signal for the actuator is applied during 5
to 20 us depending on the driving voltage. The channel inside can be
deformed in shear, compression or bending mode depending on the
assembling of the actuators. The bending mode has been chosen for
the actuation as shown in figure 2.1. This mode allows enlarging the
relative small strain generated by the piezoelectric actuator (10'5-10'
4) by bending a membrane.

Three different layouts shown in figure 2.1 were investigated: First, a
ZnO thin-film actuator, deposited onto the polyimide membrane,
second, a PZT ceramic plate, and third, a design with two PZT
actuators. In the later case, the actuators are assembled opposite of
the actuators and are actuated simultaneously. This actuation is
called double-sided actuation and the others are called one-sided
actuation. The one-sided actuation has a stiffener plate opposite of
the actuator. This stiffener plate increases the stability of the flexible
dispenser sheets in the zone where the print head is and is also
indicated in figure 2.1.
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one-sided double-sided
Zn0O Membrane
g | Pl —
=)
I iiffener @\ /-|
500 um Channel
“+———»

Figure 2.1: Different model with thin-film actuator (ZnO) and ceramic actuator (PZT)
on polyimide (PI) membrane including the channel.

For the simulation of the actuator a simplification was done. In
reality, a piezoelectric actuator is built as sandwich with a
piezoelectric active layer in the middle and electrodes on both sides.
Instead of simulating the piezoelectric active part and the electrodes
(passive part) as different elements, it was decided to model the
entire thickness as one active layer. This method counts on one side
the mechanical stiffness of the electrodes and on the other side the
electric field in the active layer is reduced, because of the electrical
potential is applied across the entire thickness. The error with this
method is around 5-10 % compared to a simulation with an active
layer and electrodes. The major advantage is that, the numbers of
the elements can be reduced for a given aspect ratio for the element
size, which results in a shorter calculation time.

2.5 Finite element modeling (FEM)

For solving the piezoelectric equation, finite element modeling
program ANSYS was used. The FEM allows modeling the
deformation of piezoelectric actuator assembled to a membrane. The
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membrane displacement was modeled with and without a static
channel pressure. The results were displacement (stroke volume)
and mechanical stress for applied voltage and pressure. The goal of
the FEM simulation was to optimize the size of the actuator (length
and thickness) and the thickness of the membrane in relation to the
driving voltage and membrane displacement under pressure. The
modeling was done for three different layouts as shown in the
roadmap and in figure 2.1: First, ZnO thin-film actuators, then PZT
one-sided actuation and finally, PZT double-sided actuation. In the
following paragraphs, these three models will be analyzed and
compared with measurements made on prototypes. The employed
piezo-electric constants and material properties for ZnO thin-film and
PZT ceramic material, grade PZT-5H, are listed in table 2.3.

ZnO PZT
e [-] 9.8 830
ds; [pC/N] -4 -171
dss [pC/N] 12 374
es [C/m?] -0.3 -14.3
es3 [C/m?] 1 27.8
E [GPa] 94 66

Table 2.3: Overview of some typical material properties for ZnO thin-film and PZT-5H.

The modeling can be done for a 2-dimensional and/or 3-dimensional
model. A 3-d model increases enormously the computing time and if
possible the model should be reduced to a 2-d model, which is
possible in our cases. Most of the design parameters are given
because of the 2-d nozzle spacing of 500 um only. Two parameters
can be optimized: The thicknesses of the actuator and of the
membrane.
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251 ZnO thin-film actuator

ZnO thin-film was analyzed for different membrane thickness and
actuator thickness against pressure. In figure 2.2, a 1.5 pm thin ZnO
actuator with membrane thicknesses of 13, 25 and 50 pm
respectively were simulated. The channel pressure was changed
from zero to 600 mbar at a constant driving signal of 100 volt. At no
pressure, a displacement larger than 130 nm is shown for a 13 um
membrane. The pressure dependence of 730 nm/bar is high and the
displacement is already reduced to zero at a pressure of about 200
mbar.

140 T T T T T T I

=50 ym membrane,
slope: 46 nm/bar

120

100 + = =25 pum membrane,

80 - slope: 190 nm/bar
= = 13 ym membrane,

60 slope: 730 nm/bar

Displacement [nm]

0 100 200 300 400 500 600 700
Pressure [mbar]

Figure 2.2: Displacement against pressure for ZnO actuation at different membrane
thicknesses and for a driving voltage of 100 volt.

By increasing the membrane thickness, a higher stability can be
reached on the expense of the membrane displacement. The
membrane thickness was set to 25 um as a compromise between
stability and displacement. Next, in figure 2.3, the thickness of the
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ZnO actuator was parameterized as function of the channel
pressure. A 5 um thick ZnO would further increase the stability.
However, such a layer could not be deposited successfully onto
polyimide substrates because of a too high internal stress in the
piezoelectric layer. Again, as a compromise, prototypes with a 1.5
pm thin ZnO layer on a 25 um thick membrane were fabricated and
characterized.

— 100V, 1 um |
- = 115V, 1.5 um
- - - 225V,5um

Displacement [nm]

20—

0 50 100 150 200 250 300 350
Pressure [mbar]

Figure 2.3: Displacement of a ZnO actuated membrane against pressure for a 25 pm
polyimide membrane. The ZnO thickness was parameterized from 1 to 5 um. The
driving voltage was set for identical displacement at zero pressure.

In figure 2.4, the FEM model of a ZnO-actuated dispenser with four
channels is shown. The model is to scale with a channel spacing of
500 um. The displacement is enlarged by a factor 300 for
demonstrating the deformation. For the simulation, four channels
were chosen to allow observing crosstalk between the channels. No
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crosstalk has been observed. The deformed shape of the polyimide
channel is shown in figure 2.4. Next to the membrane deformation,
the actuators bend also the entire substrate. The substrate bending
is 40 nm, indicated as us,p=-40 nm. This deformation creates
acoustic vibrations. Prototypes indeed showed acoustical noise
because of this substrate bending!
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TIME=1

Uy (AVG)

RSYS=0

DMX =.104E-06 V=90Volts usup=-40nm
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= iy
Dispenser with ZnO thin film actuator

Figure 2.4: FEM model with ZnO actuators. A stroke volume of Vol_t=204 pL was
calculated for a driving voltage of 90 volt and at zero pressure.

The stroke volume was calculated by integrating the channel
deformation multiplied by the channel length between the nozzle and
restriction, and was found to be 204 pL, Ref. 4. This stroke volume
as such would be high enough but as shown in figure 2.2 and 2.3
there is also a high pressure dependency to be considered. The lack
of stiffness against pressure reduces the amplitude during
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dispensing and no droplet could be ejected. The dispensing with a
prototype was not successful. To overcome this difficulty, PZT
actuators were chosen and will be analyzed in the next paragraph.

25.2 PZT Ceramic actuator

Dispenser sheets were fabricated with one-sided and double-sided
PZT ceramic actuators. The actuators were assembled on polyimide
membranes by gluing. Both layouts, see figure 2.1, were modeled
with ANSYS 7.1. The size of commercially available PZT plates was
also taken into considerations.

One-sided actuation

The behavior of PZT ceramics actuator was modeled for a one-sided
actuation. The thickness of the actuator and membrane were
parameterized for the simulation. A 100 um thick PZT actuator at 100
volt shows a displacement of 34 nm for a membrane thickness of 50
pum and a slightly smaller displacement of 31 nm for a membrane
thickness of 25 um, as shown in figure 2.5. An FEM model of four
channels is shown in figure 2.6. The pressure dependency of the
displacement by using PZT ceramics is small (2 nm/bar, figure 2.5)
and not significant up to 2-3 bar. In figure 2.5 on the left side, the
displacement as function of the PZT thickness has been simulated.
High displacement could be reached with thin PZT plates with a
thickness of 25 or 50 um because the mechanical stiffness of the
actuator plate is reduced and closer to the stiffness of the
membrane. For instance, a 50 um thick PZT plate would decrease
the driving voltage significantly by about a factor of 3 compared to a
130 pm PZT plate. However, such thin PZT plates are not easy to
handle and they are not commercially available as standard
products.
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Figure 2.5: Left, displacement versus PZT plate thickness at 100 volt for 25 pm thick
polyimide membrane. Right, pressure dependency of 100 pm thick PZT plate at 100
volt.

A one-sided actuated four-channel model is shown in figure 2.6 with
an actuator thickness of 130 um. At this point, the commercially
available PZT actuators have been taken into consideration.
Dispensers were built according to the simulation result, shown in
figure 2.6. The figure 2,6 shows the deformed shape at a driving
voltage of 138 volt. This driving voltage corresponds to the used in
prototype, which has dispensed droplets at a velocity of 1.8 m/s.
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Figure 2.6: FEM model with 130 um PZT plate actuator. The channel size is 300 pm
times 50 um. The stroke volume is vol_t=124 pL for 138 volt. Prototypes built to this
model showed successful dispensing at 138 volt.

Two deformations are visible in figure 2.6. First, there is the
deformation of the channel. By integrating the channel deformation
the stroke value can be calculated as before. The integrated stroke
volume is 124 pL for a driving voltage of 138 volt. This stroke volume
is required for dispensing droplets at a velocity of 1.8 m/s. Second,
the entire stiffener plate is bent at about 140 nm indicated as u_sup
in figure 2.6. This bending occurs because the relative high thickness
of the actuator (130 um) compared to the thickness of the membrane
(50 um). The bending of the stiffener plate results in acoustic noise,
which may be uncomfortable for the operator, when high dispensing
frequencies are used. The bending can be compensated using a
double-sided actuation as shown in the next paragraph.
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Double-sided actuation

The motivation of using double-sided actuation is to reduce the
driving voltage, to reduce the substrate bending and therefore,
reducing the acoustic noise during dispensing. The deformed model
is shown in figure 2.7. The driving voltages were compared for
identical stroke volumes (129 pL) for one-sided and double-sided
actuation. The simulation showed that the driving voltage is reduced
by about 20 % from 138 volt to 110 volt. This result was
experimentally confirmed at a constant droplet velocity of 1.8 m/s.
For one-sided actuation, the substrate bending is about 150 hm over
4 channels. This deformation is now reduced to 0 nm for double-
sided actuation as shown in figure 3.6 (us,,;=0 nm). The acoustic
noise was clearly reduced in the experiment.

Figure 2.7: Deformed shape of a double-sided actuated PZT plate. A stroke volume of
129 pL is achieved at 110 volt. A prototype was built and showed successful
dispensing at 110 volt.
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At the prototype level, no in the drop formation was observed for
both one-sided and double-sided actuation at 138 volt and 110 volt
respectively. The fabrication and assembling is not more complicated
but more fabrication steps are required for a double-sided actuation
24-channel dispenser sheet. The measured total thickness of a such
a dispenser sheet is about 475 pm.

2.5.3 Alternative piezoelectric actuator

Thin-film and ceramics PZT material were used for fabricating
prototypes. We also investigated an alternative piezoelectric material
based on polymer. A commercially available polymer with
piezoelectric activity is PVDF (Polyvinylidenefluoride). Sheets in
different sizes and thicknesses from 9 to 40 um are commercially
available. The PVDF actuator has been only modeled. The modeling
showed that the low Young's modulus of 2 GPa and the low
piezoelectric coefficient of e;; = -0.016 C/m2 are far too small for
using PVDF as an actuator. In general, PVDF is mostly used for
sSensors.

2.6 Summary with experimental results

In table 2.4, the modeled values are compared with measurements
performed on different prototypes. The column “voltage” contains the
driving signal, which must be applied to the prototype for dispensing
droplets. These voltages also correspond with the stroboscopic
image of drop formation shown in figure 2.8. The stroboscopic
images were taken at a delay time of 60 ps. The stroke volume was
calculated from the difference of the initial channel volume and the
contracted channel volume for the given voltage in table 2.4. The
ZnO actuator created a calculated stroke volume of 204 pL at zero
pressure and at a maximum voltage of 90 volt. The calculated stroke
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volume should be sufficient for droplet dispensing. However, no
droplets were ejected for ZnO actuated dispenser as shown in figure
2.8. The pressure during dispensing reduced the stroke volume to
about 60 pL, as estimated from figure 2.8. The ZnO actuator pushed
the meniscus of about 30 pL at the nozzle side that means that also
about 30 pL flowed through the supply channel which resulted in a
stroke volume of about 60 pL. To bring a ZnO actuator dispenser to
success, the stroke volume should at least be doubled. That means
the driving voltage would need to increase from 90 volt to 180 volt,
which is far above the measured breakdown voltage of 90 volt.

Actuation Mat.  Actuator  Mem. Voltage Simulated  Droplets
mode Thick. Thick.  Prototype Volume of 65 pL
[um] [um] vl [pL]
One-sided Zn0O 15 25 max 90*** (204) No
One-sided PZT 130 25 138** 124 Yes
One-sided PZT 130 50 132+ 124 Yes
Double-sided  PZT 130 50 110** 129 Yes
One-sided PZT 50 25 38 125 N.A.
Double-sided PZT 50 50 26 124 N.A.
Extracted 90-120*

* published in Ref. 4, ** measured and used for modeling,
*** hreakdown voltage of ZnO thin-film actuator

Table 2.4: Simulation results verified by dispensing with prototypes. The simulated
stroke volume is based on a 20 mm long actuation chamber. There is no prototype
available for the values in italic because 50 pm thin bulk PZT actuators with the
required specification were not commercially available.

Again, the calculated stroke volume for PZT actuators was around
125 pL, meaning that, about half of the stroke volume was flowing
forward to the nozzle and was ejected (65 pL) and the other half was
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flowing backward through the supply channel into the reservoir. The
relation of forward to backward flow depends on the fluidic resistance
of the channel and nozzle, which is discussed later. The simulated
stroke volumes are in agreement with those observed in prototypes
using PZT ceramics actuators.

Figure 2.8: Stroboscopic image of droplet and meniscus position at driving voltage
given in table 2.4. ZnO was not able to push the droplet completely out of the nozzle
because the pressure becomes important at that moment. Successful dispensing is
achieved with PZT ceramic actuators.

PZT actuators with a thickness of 130 um worked well for one-sided
and double-sided actuation. We conclude that if 50 um thin PZT
plates were commercially available the driving voltage could be
reduced by about 100 volt. Experimental results of the
measurements of membrane displacement and extraction of the
stroke volume have been published in Ref. 4.
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2.7 Conclusion

ZnO thin-film actuators have the unique possibility of full integration
onto the polyimide membrane. No assembling or gluing process is
required. However, as demonstrated, ZnO lacks of stiffness for
microfluidic applications where pressure becomes important. A
complete characterization of ZnO thin-film was published in Ref. 1
and Ref. 2.

PZT ceramic actuators fulfill all required specifications and
successful dispensing was proven. PZT actuators are commercially
available and show a high stability. PZT plates are customized diced
and assembled by gluing onto the polyimide membrane.
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3 CFD MODELING

3.1 Introduction

The goal is to simulate the formation of a drop for different channel
geometries of a one-channel dispenser. The piezoelectric actuator
and the membrane were added to the model, which allows
simulating the drop formation as function of the driving voltage. For
solving this task, a computational fluid dynamics (CFD) algorithm
was used in combination with finite element modeling (FEM) for the
actuator-membrane displacement. As simulation tool CFD-ACE(U)
was chosen, [CFDRC, 2002]. CFD-ACE(U) has the excellent
capability of multi-physics solving which is required for the given
task. The dispenser was first been simulated as 2-dimensional
axisymmetric model. Within a short calculation time, this model
delivered the results of the effect of a fluidic restriction. The more
complex 3-dimensional model was used for evaluating membrane
displacement, drop formation, pressure and velocity profile. The
simulation results are compared with measurements.

3.2 Modeling

For modeling a one-channel dispenser different modules of the CFD-
ACE(U) tool must be chosen. The flow, free surface volume of fluids
(VOF), stress and electric module have been selected and are
described below.

The flow module is the heart of the CFD-ACE(U) solver, and is used
for most simulations. Activation of the flow module initiates the

solution of the velocity-field, by solving for the x, y and z-momentum
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equations and the pressure-field by solving the pressure correction
equation. The flow module is based on the Navier—Stokes equation,
the primary equation of computational fluid dynamics. This equation
relates pressure and external forces acting on a fluid to the response
of the fluid flow. The motion of a non-turbulent, incompressible,
Newtonian fluid is governed by the Navier-Stokes equation given
below:

a:ﬂ—u+(u><N)u:— le+nI§I2u+£F.
it r r

I, = acceleration force [m/s’]

dV = infinitesimal volume part [m3]

u = kinematic viscosity [m2/s]

r = density [kg/m?’]

u = velocity vector [m/s]

v = component of velocity vector [m/s]

t =time [s]

p = pressure [N/mz]

N = gradient operator = (d/dx,xddy, xddz)

The left side of the equation describes the transient and convection
term and the right side the forces acting on the fluid. The convection
term, also called convective acceleration arises when the fluid flows
through regions of spatially varying velocity, as in a nozzle or
diffuser. Flows, which are nominally “steady” may have large
accelerations due to this convective term. The term Np describes the
pressure force density |,=dF,/dV=-Np created by a pressure
gradient. The term nN?u describes the viscosity loss in the fluidic,
where :n:an/dV:ndzu/dxz. The last term describes any other
acceleration forces acting on the fluidic such as gravity, turbulence,
etc. In microfluidic devices the gravity is negligible. For compressible
fluids the term 1/3xyN(N>)) is added to the right side, [White, 1999].
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This capability is often used in conjunction with more of the other
modules to provide a multi-physic based solution to an engineering
task such as coupling of finite-element modeling, etc.

The free surface volume of fluids (VOF) capability in CFD-ACE(U)
allows the simulation of a mixture of two immiscible fluids such as
water/air, including the effects of surface tensions. Several methods
have been previously used to approximate free boundaries in finite
difference numerical simulations. A simple but powerful method is
based on the concept of fractional volume of fluid (VOF). This
method is known to be flexible and efficient for complicated free
boundary configurations, [Bogy, 1984], [Dijksman, 1984], [Eggers,
1995], [Hirt, 1981], [Papageorgiou, 1995], [Wilkes, 1999], [Yeh,
2001]. However, the VOF calculations lack the resolution needed to
capture the details of satellite droplets, [Notz, 2001].

The stress module adds a finite element structural analysis capability
to CFD-ACE(U). The structural model may be coupled with other
modules for multidisciplinary analysis. Two-way coupling mode
represents an implicit coupling between the stress module and the
other modules. Pressure, temperature, etc. are sent to the stress
module, where deformation and stresses are calculated. Then these
results are sent back to the other modules where the solution is
recalculated on the new deformed geometry. Iterations are
performed until convergence is obtained.

The electric module solves the governing equations for
electrostatics, electrical conduction including DC and AC conduction,
and piezoelectricity. It can be chosen between the d- and e-form of
the constitutive piezoelectric equations.

The drop formation is analyzed as a function of time. For a transient
simulation in combination with VOF, the automatic time step option is
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used to ensure that the free surface crosses less than a cell during
that time step.

3.3 2-d Model

The goal of the 2-d simulation was to evaluate the driving voltage for
droplet ejection as function of the ratio of the restriction size r to the
nozzle size R. The driving voltage was for a droplet velocity of 2.7
m/s for the simulation and also for experimental measurements. For
the 2-d axisymmetric model the parameters are shown in figure 3.1.
To reduce the number of grid elements, hence computing time, the
supply channel and reservoir were not included in the model.
Moreover, a reference pressure of 980 mbar was set to the
environment, meaning that p=0 mbar is equal to the reference
pressure of 980 mbar. For the simulation a voltage-time function
similar to the driving voltage of the prototype was applied.

<« Restriction (r)

Nozzle (R)

Figure 3.1: Boundary conditions of the 2-d axisymmetric model including piezoelectric
actuation. For the simulation a voltage time function similar to the driving voltage of
the prototype was applied.
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A two-fluid model is used for the calculation of the drop formation:
The primary fluid was air and the secondary fluid was water. This
option allowed also calculating a filling process of the microfluidic
devices. For all the simulations, the values of table 3.1 were used for
the properties of the fluids.

Primary fluid Secondary fluid
Medium Air Water
Density 1 Kg/m® 1.16 1000
Viscosity n ma/s 1.59*10° 10°
Surface tension s mN/m 72.5

Table 3.1: Properties of fluid used in CFD simulations.

Different channel geometries

Again, the goal of the simulation was to calculate the variation of
driving voltage for a constant droplet velocity, while changing the
restriction size (r) for a constant nozzle size (R).

If the fluidic resistance of the restriction is much larger than the fluidic
resistance of the nozzle, the fluid will mostly flow out through the
nozzle. As relatively little is flowing in the restrictor, the damping of
the compression phase is poor. As the filling phase requires fluid to
flow through the restrictor to fill the chamber, the damping is higher
and causes a long wait for filling.

If the fluid resistance of restrictor is much lower than the one of the
nozzle, the fluid mostly flows out of the restrictor during the
compression phase. The energy required to eject a droplet is
expected to increase. The major fluid flow in the compression phase
is expected to be between the actuator and the restriction. This flow
is not well damped and the frequency response will be decreased.
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The conclusion of the above discussion is that the fluidic resistance
of restriction and nozzle should be about the same. To the
considerations above, the pressure drop at the nozzle rim, created
by the surface tension effect of small droplets, should be added.
Thus, the restriction should be slightly smaller than the nozzle for an
equal pressure drop on the nozzle and the restriction.

In figure 3.2, the results of a simulation and experimental
measurements are shown and compared. The driving voltage
corresponds to a droplet velocity of 2.7 m/s. It has been normalized,
such that the minimal driving voltage is 1. The normalizing factor for
the experimental curve is 89.8 volt. The normalization allows
comparing the 2-d simulation results with experimental
measurements. The x-axis describes the ratio of the restriction size r
to the nozzle size R. For the prototype, r corresponds to the
restriction width and R to the nozzle width. The graph in figure 3.2
can be divided in three different zones r/R>1, 0.4<r/R<1 and r/R<0.4.

For the zone of r/R>1 the effect of the fluidic resistance of the supply
channel becomes dominate over the fluidic resistance of the
restriction. In the CFD simulation the supply channel was omitted
which explains the higher normalized driving voltage compared with
measurements.

In the zone of 0.4<r/R<1, simulations and measurements show
similar linear behavior as function of the driving voltage. This allows
concluding that the supply channel resistance has a minor influence
as observed for different prototypes with a channel length of 2 cm
and 10 cm. This is an important result because the supply channels
of a 24-channel dispenser sheet have a length difference from the
outer to inner channel of 10 %. The difference of channel length will
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not influence the driving voltage when a restriction is
used.

Figure 3.2: CFD simulation and measurements vs. relation of restriction size to nozzle
size (r/R). The driving voltage corresponds to a droplet velocity of 2.7 m/s for the
simulation and measurements. For comparison the driving voltage has been
normalized so that the minimal driving voltage is 1 for simulation and measurements
at a droplet velocity of 2.7 m/s.

In the left zone of figure 3.2, r/R<0.4, the experimental driving
voltage increases compared to the CFD simulation. The fluidic
resistance of the restriction is high and the refilling of the chamber is
slow. The chamber may even temporarily starve of liquid, which
explains the higher driving voltage. In the CFD simulation, the
refilling of the chamber was not simulated.
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A prototype, without a restriction, was analyzed. From extrapolated
measurements we obtain a driving voltage of 260 volt, or a
normalized driving voltage of 2.9 respectively. These results are
published in Ref. 5. In other words, | found that the driving voltage
was about three times higher without a restriction (r/R»6), than with
a restriction ration of r/R=0.4.

In conclusion, a restriction lowers the driving voltage considerably.
The relation r/R should be within 0.4<r/R<1. Considering the initial
channel filling and the manufacturing of narrow p-channels it is
recommended to set the relation r/R to 0.7, which results in a
restriction width of 35 pm at a nozzle size of 50 pum. The dispensing
is in that case independent of the supply-channel length. This
independence was observed between the first 4-channel dispenser
prototype with a channel length of 2 cm and the full size device with
a channel length of 10 cm: Both designs showed the same driving
voltage as published in Ref. 3 and Ref. 5.

3.4 3-d Model

A 3-dimensional model was generated. The goal within this CFD
simulation was to analyze the membrane displacement, velocity and
pressure profile as a function of time. A 3-dimensional model may
require a computing time of several days. For that reason the length
of the chamber where the piezo actuator is fixed was reduced by a
factor 40 from 20 mm to 0.5 mm. The other dimensions
corresponded to those of the prototype. By scaling the length of the
chamber only the stroke volume is affected and is reduced linearly.
The surface to volume ratio of the nozzle and restriction does not
change and so the fluidic behavior is unchanged. The model is
shown in figure 3.3. The restriction size for this model is 35 um with a
50 um nozzle.
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Figure 3.3: 3-dimensional CFD simulation model of one dispensing channel, including
piezoelectric actuator and membrane. The chamber length is reduced from 20 mm
(prototype) to 0.5 mm for saving computing time.

The calculated model is presented in figure 3.4, where drop
formation is shown. The droplet is completely separated from the
nozzle at a time of about 25 ps. It was not possible to simulate
satellite droplets, which nonetheless may occur at too high driving
voltage as observed with the prototype. The used VOF algorithm is
not able to calculate satellite droplets, [Notz, 2001].
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Figure 3.4: 3-d CFD simulation of drop formation at optimized driving voltage at a
delay time of 32 ps. Light gray surface corresponds to the dispensing liquid, here
water. For visualization only a cut along the center-axe of the dispenser is shown.

The membrane center displacement was analyzed during drop
formation. The simulated membrane center displacement was
plotted versus time and is shown in figure 3.5. The maximum center
membrane displacement is 800 nm for a droplet ejection at 2.7 m/s.
The maximum membrane displacement is reached 6 us after pulse
applies, given by the shape of the driving signal. By keeping the
stroke volume constant, the simulated center membrane
displacement was then rescaled to the prototype size. The scaling
factor is 1/40 and results in membrane center displacement of 20 nm
for a chamber length of 20 mm. This simulation result is also
confirmed by measurements published in Ref. 4. A maximum center
displacement of 15-20 nm was measured during dispensing.

Interesting is also the moment of necking and break-off. Necking
starts when the pressure changes sign and gets a negative value.
The pressure is proportional to the acceleration of the membrane
displacement, in other words the pressure is proportional to the
second derivative of displacement (d’y/dt?). This is observed at t=11
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Hs. By increasing the pulse width, the point (d’y/dt®) is placed more
to the right and the necking starts later. With this method the droplet
volume can be increased within the range of some tens of picoliter
as published in Ref. 3. The break-off process is about finished when
the membrane reaches the initial position.

Figure 3.5: Membrane center displacement versus time.

Figure 3.6: Velocity profile at the moment of droplet break-off.
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The velocity profile of the liquid was analyzed. The droplet velocity
after break-off as shown in figure 3.6 is 2.7 m/s. At the same time
step the velocity at the restriction is slightly higher at about 4 m/s
because of the smaller cross section of the restriction compared to
the nozzle. There is a negative velocity of 1.8 m/s observed at the
nozzle, given by the break-off effect. The droplet velocity measured
with stroboscopic illumination varied from 1.5 to 3 m/s depending on
the driving voltage. The droplet velocity is proportional to the driving
voltage, Ref. 5.

The pressure profile as function of time was not possible to analyze
within the CFD-ACE(U) Version 2002. The pressure should be
proportional to the acceleration of the membrane displacement, in
other words, the pressure is proportional to the second derivate of
displacement. CFD simulation results show an oscillation with a time
period of 5 us. The oscillation was also observed in the 2-d model.
This oscillation cannot be explained physically and may be instability
of the software. In co-operation with CFDRC it was found that the
pressure oscillation is an effect of the coupling between mechanical
and fluidic because of the transient boundary condition.

To get an idea about the pressure in the pump chamber during
dispensing, a pure static analysis can be done. Supposing that one
half of the liquid is flowing through the nozzle and forms a 65 pL
droplet and the other half (also 65 pL) is flowing backward through
the restriction, Ref. 3. The pressure pulse is applied for 25 ps,
meaning pulse width including rise time but without fall time. The
static flow rate is then Q=V/t=65pL/25us=2.6uL/s. The fluidic
resistance of the restriction (rectangular channel) was calculated and
is R=336mbar*s/uL. The pressure drop is the product of
Dp=Q*R=2.6uL/s*336mbar*s/uL=874 mbar. This calculation does not
include any acceleration forces acting on the liquid. The pressure of
about 874 mbar is high, but as demonstrated with FEM simulation,
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the displacement of PZT actuation stays almost constant because of
the low pressure dependency of 2 nm/bar.

The CFD simulations were made for incompressible flow. This is
valid for a velocity much smaller than the speed of sound in the liquid
(Vsouns=1483m/s at 20C compared to Vv qiq=4 m/s). Nevertheless,
without compressibility, the propagation of a pressure wave in a
transient simulation cannot be seen. The compressibility could be
added by writing a user subroutine describing the liquid density as
function of pressure.

In general, CFD simulation was demonstrated for dispensing. The
excellence in multi-physics allowed building an entire dispenser
including piezoelectric actuation. The restriction size could be
optimized within a 2-d model. A 2-d model takes a computing time of
some hours. The computing time for a 3-d model is about a day and
allows calculating the required membrane center displacement and
velocity. The CFD code must be improved for the transient
calculation of the pressure field.

3.5 Conclusion

We demonstrated the feasibility of multi-physics modeling. During
the development of the prototypes we proved the effect of the
restriction by simulation and the size of the restriction was
determined. This result reduced the number of prototypes, which
was the main goal of a CFD simulation. Furthermore, the interaction
between different elements has been better understood through CFD
simulation. At an industrial level, CFD simulations become more and
more integrated in the development of prototypes.
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4 BASE MATERIAL AND FABRICATION

4.1 Introduction

The dispenser, as presented in the concept, is built from flexible
sheets. The flexible sheets contain sealed pu-channels, which reduce
the spatial spacing from 4.5 mm to 0.5 mm. The final thickness of the
sheets is less than 0.5 mm. This allows stacking of individual sheets
to build a 2-dimensional dispenser with a nozzle spacing of 0.5 mm.
This chapter discusses the choice of base material and describes the
key fabrication processes.

Base material selection criteria:

Potential base materials of different polymers have been confronted
to a set of criteria which need to be simultaneously fulfilled in order to
meet both manufacturability and application requirements of the
dispensers.

Out of the different polymers, a commercially available heat sealable
polyimide sheet has been chosen as base material. This material
can be processed by standard Micro-Electro Mechanical Systems
(MEMS) technology. Polyimide sheets have good chemical
resistance and the mechanical properties such as Young modulus
and ultimate tensile strength are higher compared to other plastics
such as Polyethylentherephthalat (PET) or Polycarbonat (PC).
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4.2 Base material selection criteria

Flexibility

The p-channels must be mechanically flexible in order to build a 2-
dimensional dispenser. It is preferred that the printhead and format
adapter are made out of one piece to minimize the internal volume of
the dispenser and to avoid any changes of surface properties such
as contact angle along the fluidic path. This would complicate the
filling and air bubbles could be trapped in the channel.

Patterning

Channels with a high aspect ratio have to be patterned into the
polymer. The minimal feature size is about 20 um in width and 50 um
in depth. To reach a tight dimension control, the substrate should be
patternable by anisotropic plasma etching or by laser ablation.

Packaging

The p-channels must be tightly sealed without any adhesives. A
polymer direct bonding process is required. The thermal bonding can
be carried out at a temperature around the glass transition
temperature Tg. The bond must withstand a channel backpressure of
up to 1-3 bar. The high backpressure is useful for cleaning the p-
channels by flushing a cleaning solution through the channels and
for a fast drying of the channels.

Thermal and mechanical stability

In order to electrically connect the actuators, thin film electrodes
needs to be deposited onto the sealed channels. The thin films may
be patterned by wet etching, for instance. Onto thin-film electrodes,
piezoelectric actuators are integrated by sputtering or gluing,
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reaching process temperatures in the order of 80-100C.
Mechanically, the squeezing of the membrane by the piezoelectric
actuator creates compressive and tensile stresses. Therefore, the
material should behave linearly for stress versus strain up to at least
20 MPa, as calculated using finite element modeling (FEM).

Chemical and biological compatibility

When exposed to commonly used solvents, polymer material can be
subject to swelling or leaching. Fluid permeating into the material can
cause swelling. Leaching is another reaction caused by fluid transfer.
The fluid that had previously permeated into the device material can
move back into the biological liquid and carry material particulates
suspended within. These effects need to be avoided by choosing an
adequate material.

Conclusion

All the criteria above are fulfilled for heat sealable polyimide sheets.
However other polymers, such as Polyethylentherephthalat (PET) or
Polycarbonat (PC), could be also considered as base material.
Though, these materials have a much lower chemical and thermal
resistance than polyimide. Polyimide sheets are well known in the
biological world as inert base material and therefore well accepted.

42.1 Surface properties and liquid-solid
interaction

While it is desirable that the nozzle outside surface of the dispenser
be hydrophobic allowing stable and straight droplet ejection, the
inner surface of the channels should preferably be hydrophilic for
self-filling by capillary forces.
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An important part of a droplet dispenser is the surface properties of
the nozzle outer surface, because it strongly affects the dispenser
performance. A hydrophobic nozzle outer surface without any further
coatings is required for stable dispensing and straight droplet
trajectory. A hydrophobic outer surface avoids wetting of nozzle
surface during dispensing and controls the position of the meniscus
of liquid column from droplet to droplet, resulting in a high stability of
the dispenser performance.

A drawback of using polymer as substrate for micro fluidic devices is
the hydrophobicity inside the channels. The channel stays
hydrophobic even after patterning which does not allow the self-filling
of the p-channel by means of a capillary force. The capillary force is
driven by the surface free energy. A consequence is the contact
angle a at liquid-gas-solid interface. If a>90deg no wetting of the
surface occurs (hydrophobic), and if a<90 deg the liquid is wetting
the surface (hydrophilic) and the p-channel starts filling by capillary
force. The contact angle a for sealed polyimide channels have been
measured and is 95 deg for water-air-polyimide interface. [Frohn,
2002]

Figure 4.1: Water plug in a sealed polyimide channel. The contact angle to the
sidewall is 95 degrees.

The not self-filing of the device has been solved by applying a
backpressure onto the well plate. At a pressure of about 20 mbar,
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the channels fill simultaneously. The liquid is then stopped by
surface tension effect at the nozzle. This method requires a print
device, which is tightly held onto the well plate for filling.

4.2.2 Material availability and key characteristics

Polyimide is available in different forms starting from photosensitized
liquid used for spin coating, over heat sealable sheets up to non-
bondable inert polyimide sheets. The main characteristic value of
polyimide is the glass transition temperature Tg, which ranges from
80T up to 550C. The glass transition temperature is important for
two reasons. First, it is the temperature at which the Young modulus
usually drops significantly. Second, thermoplastic films start flowing
at Tg, which can lead to line deformation if external stress is applied.
Many polyimides do not exhibit marked glass transition and, hence
their determination is not possible by calorimetry. However,
measurements of the linear CTE (coefficient of thermal expansion)
by thermal mechanical analysis (TMA) usually allow determination of
the Tg because the CTE increases markedly above this temperature.

Heat sealable polyimide materials have been developed in the last
few years mainly for flex print circuits (FPC). The development of
heat-sealable polyimide films results of demands from the field of
electrical and electronics industries. So far, a popular structure of
copper clad lamination used for FPC is a three-layer type consisting
of a polyimide film, a copper foil and an acrylic adhesive. However,
there are some drawbacks pointed out for FPC; heat-resistance of
FPC decreases more than the polyimide film because of adhesives,
and the thickness of the FPC substrate is also restricted to the need
of thickness due to that of the bonding layer. For these reasons heat
sealable polyimide sheets have been developed in recent years.
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4.2.3 Different polyimides

The range of polyimide available for electronics applications is
staggering. In addition, the development of new material is
continuing. It would exceed the scope of this work to discuss all
these polyimides in detail. Fortunately, the bulk of applications
involves only two polyimides, PMDA-ODA (pyromellitic dianhydride-
oxydianiline diamine) and BPDA-PDA (biphenyltetracarboxylic
dianhydride-paraphenylene diamine). The exact chemical structure
of heat sealable polyimides are not known to the author. However
these materials are based on the base material Kapton HN, with
former trade name H, and Upilex S. For that reason, the chemical
structures of monomeric units for the two classical polyimides Kapton
HN and Upilex S are shown in figure 4.2, [Ghosh, 1996].

Figure 4.2: Chemical structure of the monomeric units for Kapton HN (former trade
name is H) and Upilex S, [Source: Ghosh, 1996].

The polyimide based on PMDA-ODA has the longest history among
all commercial polyimides utilized in electrical and electronics
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applications and is widely used even today. It was first
commercialized by DuPont under the trade name “Kapton” in form of
sheets or Vespel in form of molds. The typical material properties are
listed in table 4.1.

Trade Name Kapton Upilex
Chemical Structure PMDA-ODA BPDA-PDA
Type KJ HN VT S
Heat Sealability Yes No Yes No
Mechanical Properties Units

Stress at 5% Elongation MPa N.A. 20 180 260
Ultimate Tensile Strength MPa 138 231 320 530
Elongation % 150 72 54 42
Tensile Modulus GPa 2.8 2.5 6.8 9.3
Thermal Properties

Glass Transition Temperature T 220 360 300 500
Thermal Coefficient of Linear ppm/T 60 20 18 12
Expansion

Laminating Properties

Temperature T 220 290
Pressure Kg/cm?  14-30 50-100

Time min. 10-30 30-60

Table 4.1: Typical properties of Kapton and Upilex polyimide sheets.
Sources: [www.Dupont.com] and [www.ube.com]

To overcome some of the shortcomings of PMDA-ODA, in particular
the relatively high CTE (coefficient of thermal expansion), BPDA-
PDA polyimides were introduced. Similar to PMDA-OPA polyimide,
BPDA-PDA is available in the form of sheets under the trade name
Upilex. Another advantages of BPDA-PDA are that it exhibits lower
water uptake (1.5 wt %) and lower swelling in hot NMP than PMDA-
ODA.. Furthermore, the Young modulus is about a factor 2-3 higher,
which is favorable for PZT piezoelectric actuation. The higher Young
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modulus reduces the required driving voltage of about 10-20 % for
dispensing, which has been simulated with finite element modeling.
The dispensers are actuated piezoelectric using PZT piezoelectric
ceramic actuators, which are glued onto polyimide membrane. By
applying the driving signal, the actuator induces a mechanical stress
into the polyimide membrane and therefore the membrane bends
towards the channel. The deformations are only a few tens of
nanometers but stress is about up to 20 MPa. The strain is in the
order of 0.1-0.2 %. These results have been simulated with finite
element modeling (FEM). The stress-strain behaviors of two types of
polyimide have been plotted in figure 4.3. Both polyimide types show
a linear region of stress-strain relation. The maximum stress in the
linear region for Upilex VT is 150 MPa and for Kapton H only 70
MPa.

Figure 4.3: Stress-strain curves for Upilex VT and Kapton HN,
Sources: [www.Dupont.com] and [www.ube.com].

Stresses of 10-20 MPa and strains in the order of 0.1-0.2 % are well
in the linear region of the stress-strain curve of polyimide. There is
no risk of plastic deformation of the polyimide membrane during
dispensing. Working in the linear region of the stress-strain curve
increases the lifetime of the membrane.
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4.3 Fabrication

4.3.1 Patterning

Polyimide can be patterned by two main methods: plasma etching
and laser ablation. Both methods have been used for the fabrication
of dispenser sheets.

Plasma etching

The major structural components of plasma processing systems are
a vacuum chamber, pumping systems, a gas introduction, and an
excitation source. The excitation source is an electric power supply
usually rf (radio frequency). Processing gas selection is determined
by the material to be removed. For etching processes, gases are
selected such that their dissociative products react with surfaces to
weaken chemical bonds in the material being removed to form
volatile products that can desorb from the surface. A mixture of
CF4/0, (tetrafluoromethane) or SF¢/O, is usually used as etch gas. A
pure oxygen plasma has a very low etch rate for polyimide sheets.
For etching patterns into polyimide sheets, a masking material must
be resistant to etching in the plasma or thick enough to survive until
the polyimide etching is completed. Nonerodible mask materials
include spin-on-glass, metals like chromium, copper being the most
common. Isotropic processes result in undercutting of etch masks
and an inability to pattern features with a high aspect ratio. The
ability to plasma etch features with a minimum of lateral undercutting
of mask materials is the major driving force behind an anisotropic
plasma process. The results of an anisotropic plasma etching of
polyimide sheet is shown in figure 4.4. We used an evaporated
copper metal as masking layer. The copper was patterned by a
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lithography following copper etch in a mixture of water and Sodium
peroxodisulfate Na,S,0g at a temperature of 42<C.

Figure 4.4: Anisotropic plasma etching of polyimide sheet. Picture A shows a
complete through etch of a 50 um thick sheet. Picture B shows a 30 pm deep etch into
polyimide. The etched surface shows a high roughness Ra and is about 1-2 um.

The etching gas used for anisotropic etching is a mixture of
SF¢/0,.The etch rate is about 50 um/hr. The mask undercutting has
been reduced to 10 um for a minimal structure size of 30 um in width
and 50 pm in depth. An example anisotropic plasma etching of
polyimide sheet is shown in figure 4.4. A high roughness Ra of about
1-2 ym was measured on the etched surface. For that reason the
polyimide has been etched completely trough and is then sealed
from both sides by two virgin polyimide sheets to avoid the high
channel roughness given by the plasma etching.

Laser micromachining

Another process for polyimide patterning is laser ablation. The
essential features of the interaction of a laser pulse with a target are
illustrated in figure 4.5. Unless the target is completely transparent at
the laser wavelength, incident radiation will be absorbed within some
finite volume of the material. A small fraction of the laser light is
reflected from the surface. Most of the absorbed energy is converted
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into heat, which diffuses out of the absorbing region into the
surrounding bulk material. The relative rates of these two processes,
laser absorption and thermal diffusion determine the build-up of
energy within the irradiated target. If energy concentration becomes
large enough, the absorbing material will decompose into volatile
fragments ejected into the ambient environment. Precise laser
ablation of the polymer occurs when the absorbed energy density
becomes so high that the decomposition/ejection event occurs
virtually instantaneously compared with the timescale for thermal
diffusion, [Lankard, 1992], [Srinivasan, 1989].

Figure 4.5: Fundamental laser/surface interaction, which is central to the polyimide
ablation process. An incident laser pulse is absorbed in a surface layer of the polymer.
After absorption, the energy originally contained in the pulse can diffuse as heat into
the surrounding bulk. When the energy is delivered quickly (pulses in ns) and a laser
wavelength chosen at which the target is highly absorbing, the laser energy can be
initially confined to a small region. This will cause explosive vaporization of that thin
layer before appreciable heat diffusion occurs.

The earliest pulsed UV lasers for ablation experiments were
generally excimer lasers. The common lasers used in commercial
applications are listed in table 2.2. These devices typically produce
pulse widths of 10-30 ns and contain a few millijoules of energy.
Thus while the energy per pulse is quite modest, the peak power is
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on the range of 10’ W. Kilohertz repetition rates can be used to
achieve relatively high average power.

Excimer lasers have excellent ablation capabilities, but they are not
without practical drawbacks. Among their less desirable
characteristics are a fairly large physical size and a need for
pressurized halogen gases. These limitations have prompted
development of alternative pulsed ultraviolet sources such as solid-
state lasers, which are compact and simple to operate. Currently, the
most advanced scheme involves the Nd:YAG laser. This solid-state
laser produces energetic (up to one joule) nanosecond pulses at a
wavelength of 1064 nm. When this intense IR radiation has passed
optically nonlinear crystals, ultraviolet pulses at 3 wavelengths are
derived: 355 nm, 266 nm and 213 nm. An overwiew of ablation rate
per pulse is shown in table 4.2.

Name Gas Mixture Wavelength [nm]  Ablation rate per pulse (um)
ArF Argon/Fluorine 193 0.2*
KrF Krypton/Fluorine 248 0.5*
XeCl Xenon/Chlorine 308 1*
Nd:YAG Solid state 355 5**
*at a laser pulse fluence of 3 J/cm? for PMDA-ODA, ** for BPDA-PDA

Table 4.2: Overview of laser ablation rate for polyimide substrate, [extracted from
Gosh, 1996].

For writing a layout onto a substrate there are two different methods:
Mask writing and direct writing. Mask writing is mostly used together
with excimer lasers. A metal mask in the optical path is illuminated
uniformly and then the image is usually reduced by a factor 10 to
focus the energy onto the substrate. Disadvantages of this method
are that only a small image of some millimeters can be written at
once and the table with the substrate has to be displaced for writing
larger images. The reduction of the image is necessary for having
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enough energy to ablate polymers. Samples of laser cutting by direct
(A) and mask writing (B and C) are shown in figure 4.6.

Figure 4.6: Samples of laser ablation for the fabrication of a dispenser sheet.

Photo A in figure 4.6 shows the layout of a direct writing on polyimide
sheets with a Nd:YAG laser (355 nm) at 40 kHz repetition. The sheet
is cut through for line “a” and line “b” is 30 um deep ablated into the
material. Photos B and C were ablated with an excimer laser at a
wave length of 193 nm. B shows the outer surface of four nozzles of
a dispenser sheet. The cutting quality of a laminated polyimide
structure of 2 sheets at 50 um and one sheet of 25 pm (total 125 pm)
is shown in photo C.

The direct writing is mostly used together with Nd:YAG. The laser
beam is steered by optical mirrors in the optical path. A control unit
allows scanning an entire surface with the laser beam within a short
time. This method is very fast and accurate. The laser beam can be
driven from an AUTOCAD or equivalent designing source file. A
sample of Laser direct writing is shown in figure 4.7. The sheet has a
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cutting size of 11*12.6 cm?, which corresponds to a 24-channel
dispenser sheet. The cutting time is about 15 minutes at a repetition
rate of 40 KHz. The sheet is cut completely through.

Figure 4.7: Laser ablation with Nd:YAG (355 nm) for the fabrication of a 24-channel
dispenser sheet with a cutting size of 11*12.6 cm?. The sheet is cut completely
through. The cutting time is about 15 minutes at a pulse rate of 40 KHz.

Conclusion

Two different fabrication methods have been developed for the
patterning of the polyimide sheets. Plasma etching allows etching the
channel in parallel. The designed layout is transferred onto the
masking layer by lithography. A major drawback of plasma etching
are that several process steps are required: metallization,
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lithography, mask opening, plasma etching, metal etching. At each
fabrication step error may occur, which reduces the yield of a 24-
channel sheet enormously.

On the other side, laser direct writing of the polyimde sheets requires
only one process. For a 24-channel layout (6-inch square), it takes
about 15 minutes writing time when using a Nd:YAG laser at
wavelength of 355 nm and a repetition rate of 40 kHz. A high
throughput in the fabrication is achieved with laser direct writing. Also
the yield is very high because of only a process step.

4.3.2 Bonding

The key process of the fabrication of the dispenser sheets is the
polymer direct bonding. Heat sealable polyimide sheets are today
commercially available. The direct bonding allows sealing the
channel without adhesive. Other methods of polyimide bonding can
be found in, [Brown, 1988], [Oh, 1990], [Selby,2001].

Process

Bonding of the polyimide sheets is carried out on a commercially
available press equipped with custom-made heating chucks. The
chucks have a size of 150x150 mm?2 (about 6-inch square). The
polyimide sheets are then clamped between the two chucks and are
heated up to about the glass transition temperature of the polyimide.
The clamped sandwich is heated for about 20 to 60 minutes. This
set-up can also be used for hot embossing, for instance.
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Result

A cross-section of bonded structure is shown in figure 4.8. The
image in figure 4.8 corresponds to the inlet of one channel out of a
24-channel dispenser sheet. The cross-section has been cut by laser
ablation. The channel itself was also cut with the Nd:YAG laser.
Important for the dispenser is that the channel does not shown
sagging. The sagging over 300 um wide channels was measured
with a profilo-meter. The sagging is less than 1 um for the entire
channel lengths of 24-channel dispenser sheet.

Figure 4.8: A bonded p-channel with a height of 50 pm and a width of 300 pum. This
channel has been fabricated with a Nd:YAG (355 nm) for cutting the channel and also
for cutting the bonded sheets.

The bonded channels withstand a channel pressure of 3 bar without
any damage. No delaminating has been observed. A pressure of 3
bar is required for a fast cleaning process of the dispenser. It is
believed that the device could be used more than once. After
dispensing of some thousands of droplets, the dispenser is placed
onto a well plate filled with a cleaning solution. By applying a
backpressure up to 3 bar the cleaning solution is flushed through the
channels and out of the nozzle, where the cleaning solution is
collected by an absorbing tissue. The internal volume per channel of
a full size dispenser is only 2 uL and a well of 384-plate has a
volume of 100-120 uL. After the cleaning solution is flushed through
the channels, nitrogen from the pressure source dries the p-
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channels. The cleaning procedure takes some time, but once the
channels are dried, the device can be refilled from another well plate.

4.4 Conclusion

The developed polyimide technology fulfills all requirements, which
were defined at the beginning. Different patterning methods have
been evaluated. By considering the fabrication yield and also the
economy of the fabrication process, it is obvious that laser direct
writing ablation with Nd:YAG (355 nm) is the method of choice. The
lamination bonding is advanced to a level of void-free bonding
surface for 6-inch square sheets. Polyimide has been chosen
because of high mechanical and chemical stability. The fabrication of
the dispenser sheets without actuation requires only three process
steps: ablation of channels, lamination and ablation of outer surface
shape. A high yield is reached for these process steps, which results
in lower fabrication cost and time.
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5 384-CHANNEL DISPENSER

5.1 Introduction

After the design, choice of materials and the development of the
fabrication processes described in previous chapters, this one deals
with the characterization of the dispenser devices.

First in this chapter is the description of the experiment set-up that
allows performing simple basic tasks like to load a sample fluid into
the device, shoot droplets and make accurate measurements of key
parameters, such as droplet size and speed.

In a second section, the influence of the different driving signal
parameters are analyzed and optimized for satellite-free dispensing.
With the resonant frequency measurement, the shape of the driving
signal can be defined.

In a third section, the sample liquid properties will be studied and the
effects of key physical parameters will be discussed. This will lead to
understanding the device capabilities and limitations related to the
fluid properties.

The fourth section deals with the observation of droplet generation
for simultaneously actuation of all 24 channels at once. The
performances of droplet ejection for both a single channel and a 24-
channel dispenser sheet are described and discussed.

Finally, the assembly and performances of a 384-channel dispenser
will be presented and discussed in the fifth section.
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5.2 Experiment Set-up

For the characterization of the dispenser a laboratory set-up has
been built as depicted in figure 5.1. The drop ejection is analyzed by
video observation under stroboscopic illumination. A microscope is
installed horizontally at the height of the nozzle to observe the drop
formation. Opposite of the microscope a red light emitting diode
(LED) for the stroboscopic illumination is positioned. The driving
signal for the LED is a square wave with an amplitude of 5 volt and
pulse length of 2 ps. During a 2 us pulse the droplet moves typically
only about 4 pm at a velocity of 2 m/s, which still results in a sharp
image. The LED-driving signal is synchronized with the driving signal
of the actuator with a variable delay time from zero to 500 ps. On top
of the microscope a black and white charge-coupled device (CCD)
camera with video output is installed. The video is recorded onto a
Mini DV cassette for further treatment. The rotation of the
microscope and CCD camera allows observing the dispensing onto a
transparent substrate (biochip) from the backside. The pressure
source is used for filling the device from a 384 well plate. The electric
signal is generated by a pulse generator and amplified with a high
speed and high voltage amplifier. The driving and LED signal is
observed with an oscilloscope.

Figure 5.1: Diagram of the experimental set-up
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5.3 Driving signal

In this section we analyze different driving signals. First, the
influence of the driving signal shape (rise and fall time) is
investigated. Second, the change in pulse width of the driving signal
is characterized by measuring the change in droplet volume. Next,
the dispensing performance is analyzed by changing the shape of
the amplitudes. Finally, the capacity and resonant frequency of the
assembled actuator has been measured and the current is
calculated.

Signal shape

The shape of the driving signal has been optimized for suppressing
any secondary small drops to the main droplet, called satellite
droplets. Ink-jet based dispensers often show these small secondary
droplets. Satellite droplets are undesirable because of cross
contamination between spotting sites. We found experimentally an
optimized driving signal with a rise and fall time of 5 ps. No satellite
droplets were observed at these times. For short rise time (<1 ps)
satellite droplets may occur because of resonance effect of the
piezoelectric actuator. Measurements are published in Ref. 4.

Pulse width

The stability of multi-channel parallel dispensing was also
investigated for different pulse width. A square-shaped pulse with a
rise and fall time of 5 us at 150 volt was applied to the piezoelectric
actuators at different pulse widths. For pulse widths from 20 to 70 ps,
droplets are ejected as shown in Figure 5.2.
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Figure 5.2: Drop formation for different pulse widths. Volume changes can be seen in
the left image, droplet of 87 pL, and the right image, droplet of 65 pL. These pictures
were taken under stroboscopic illumination at a delay time of 60 ps.

The droplet volume has been calculated by measuring the size of the
droplet for a pulse width of 70 ps and 20 ps. The droplet volume is
87 pL for 70 us and is 65 pL for a pulse width of 20 ps. The volume
change between two pulse widths of 20 and 70 ps is about 30 %.
This effect is demonstrated in Ref. 3. At a larger pulse width, the
actuator creates a larger stroke volume, which explains the volume
change. Furthermore, it was observed experimentally that identical
dispensing in droplet volume is achieved for different pulse widths,
when adapting the driving voltage. We conclude that dispensing is
non-sensitive to small signal changes. This allows driving all 384
actuators by one power supply.

Shape of amplitudes

A method to reduce the absolute driving amplitude was investigated.
Piezoelectric PZT actuators can be actuated up to an electric DC
field of 1 V/um parallel to the polarization. It is also allowed applying
electric fields against the polarization. This field must be limited to
about 0.3 V/um at DC, otherwise, depolarization of the piezoelectric
activity may occur. A driving signal with a negative part, figure 5.3
right, has been compared experimentally to a classical driving signal,
figure 5.6 left, for identical droplet velocity. The two shapes of
amplitude shown in figure 5.6 are compared for identical droplet
velocity at 2.7 m/s. Both pulse lengths t; and t, has to be the same
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(t;=t»). The pulse duration of the negative part t; must be longer than
t, (t3>t2). The negative voltage increases the chamber volume and if
the pulse is too short no filling can take place and no effect is
observed. Epson uses this method for their ink-jet print heads for
controlling the ink volume. Considering the amplitudes, A, must be
the same value as A; for identical dispensing (A,=As+A;). That
means the positive amplitude has only a value of Az which is
reduced by the value of A,. The risk of PZT depolarization of the PZT
limits the amplitude A,.

Figure 5.3: Both driving signals produce exact the same dispensing in term of droplet
speed and drop formation (satellite-free) when A;=A,, t;=t; and ts>t,. The
depolarization of the PZT limits the amplitude A,.

The drawback of this method is the more complex driving electronic.
The advantage is the lower absolute driving voltage, which may
simplify the driving electronic. For the further characterization of the
dispenser sheets a classical driving signal (figure 5.3, right) was
used.

Capacitance, current and resonant frequency

The PZT actuator behaves electronically as a capacitance. This
capacitance must be charged within 5 ps for an optimized
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dispensing. The current I(t) can be described by the differential
equation:

I(t)=C-dU/dt.

The term dU/dt corresponds to the slope of the voltage curve and C
is the capacitance of the assembled actuator. The capacitance C has
been measured as a function of frequency (w) by a Gain-Phase
Analyzer and is 30 nF at 100 Hz for a 24-channel dispenser sheet.
By using the differential equation I(t)=C-dU/dt the peak current I,
has been calculated. The peak current for a 24-channel dispenser
sheet is Inax24=0.9 A during the rise time of the signal. For the 384-
channel dispenser the peak current | 384 iNCreases, by multiply by
the number of sheets, 16 in this case, t0 | ax384=14.4 A at 150 volt.
The high current is a consequence of the capacitance of PZT which
can also be calculated by C=g-e,-A/d, where A is the surface of the
electrode, d the plate thickness and e the relative dielectric constant.
An overview of the results is shown in table 5.1.

Voltage Peak Capacity Resonance
current at 100 Hz unfilled filled
v [Al [nF] [MHZ] [MHz]
One channel 0.04 1.25
24-channel sheet 150* 0.9 30* 1.4* 0.82*
384-channel 14.4 480
dispenser

Table 5.1: Overview of the electrical characterization of the actuators. The values
marked with (*) have been measured. The other values are extracted from these
measurements.

The resonant frequency of the PZT actuator was determined by

measuring the impedance as function of the frequency (w) for an
assembled 24-channel dispenser sheet. The measurement has been
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done for unfilled channels and then the measurement was repeated
with the same prototype, but this time, the channels are water-filled.
In the filled condition the resonant frequency is about 40 % lower
than in the unfilled condition. The resonant frequency is 1.4 MHz for
unfiled channels and decreases to 0.82 MHz for water-filled
channels because of adding the mass of the liquid in the channel.

The maximum rise time of the piezoelectric actuator is about a
guarter of the time period at resonance and is in filled condition 0.3
ps. When applying a rise time close to 0.3 ps the actuator would
work in resonance and dispensing stability would rely on the
resonant frequency of each channel. Further, this resonant
frequency would depend on fabrication tolerances. During
dispensing, the actuator works below resonance because the rise
time of the driving signal is set to 5 pus. The off-resonance mode
increases the dispensing stability and also suppresses satellite
droplets, as observed experimentally.

Conclusion

From the electrical characterization of the actuator we learnt that the
actuators are working in an off-resonance mode. The off-resonance
mode allows applying driving signal with different pulse widths and
amplitudes. Moreover, in this mode, geometry changes between
channels on a sheet, given by fabrication tolerances, has
insignificant influence of the dispensing behaviour. This allows
driving all 24 channels with a common driving signal and therefore
also a 384-channel dispenser.

5.4 Effects of liquid properties

In applications, many different liquids need to be spotted onto
substrates. For the dispensing, the viscosity, surface tension and
density are main parameters. For spotting biological active liquids a
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wide range of buffers (DMSO, phosphate buffer, butyl carbitol, etc.)
is usually used for diluting the sample. A short description of the
influence of the different liquid properties is given below. Moreover,
the dimensionless Weber and Ohnesorge number are introduced.
The Weber number describes the break-off conditions and the
Ohnesorge the droplet size in relation to the nozzle size.

Viscosity effects

A higher viscosity requires higher amplitude of the pressure wave in
the pump chamber. The amplitude of the pressure wave is
proportional to the acceleration of the membrane displacement, in
other words the pressure is proportional to the second derivative of
displacement (d’y/dt’). The low-pressure dependence on the
actuator membrane of only 2 nm/bar allows compensating the
viscosity effect by increasing the driving voltage. At very high
viscosity the filling of the channel becomes more critical than the
dispensing part. Then, a larger cross section of the channels may be
required according to the used fluid.

Surface tension effects

Surface tension has a minor effect on the required driving voltage.
However, very low surface tension can result in a bigger likelihood of
air ingestion through the nozzle, particularly at high drop velocities
(v>3 m/s). The dispensing of liquids with different surface tensions
can be done with the same driving signal and is demonstrated with a
24-channel dispenser sheet later.

Density effects

Variation of the density does not directly affect the performance of a
drop formation, but usually indicates a variation of acoustic speed
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and bulk modulus of the fluid; both of them may affect the optimum
waveform (timing and amplitude).

Weber number (We)

The Weber number defines the minimal droplet velocity for break-off
for different geometry sizes and different liquids. The Weber number
is defined by:

rxd x?

S

We=

r = density [kg/m?’]

d = nozzle diameter [m]
= surface tension [N/m]

v = velocity [m/s]

The Weber number is proportional to the inertial force divided by the
surface tension force and is used in breakage of liquid jet
calculations in particular. Break-off occurs when Weber number is
higher than 1. For the given prototype the theoretical minimal droplet
velocity v is 1.2 m/s for water and 0.75 m/s for ethanol at
We=1(break-off condition). For a droplet velocity of 2.5 m/s, the
Weber number is high at We=4.3 for water and We=11.3 for ethanol.
Clear break-off is certain in both cases as shown in figure 5.4. A
similar investigation about drop break-off has been done by [Chen,
2002].

Ohnesorge number (Z)

Ohnesorge number describes the droplet size compared to the
nozzle size. It is proportional to the viscous force divided by the
square root of the surface tension force and is defined by:
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n

A xXd xs

K = dynamic viscosity [Pass]
r = density [kg/m?]
d = nozzle diameter [m]

= surface tension [N/m]

Z =

At Ohnesorge number Z<<1 the droplet has the diameter of the
nozzle. If Z»1, then smaller droplets than the nozzle size are
possible because of viscous drag. In the cases of water and ethanol
as dispensing liquids the Ohnesorge number Z is 0.02 for water and
0.04 for ethanol. At such small Ohnesorge numbers the droplet size
corresponds to the nozzle size, which is experimentally confirmed.
Only very viscous liquids such as glycerol in water reaches
Ohnesorge numbers close to 1.

54.1 Dispensing of liquids with different
properties

Two different liquids have been chosen for the characterization of
the dispenser. First, water is used because of the high surface
tension force of 72.8 mN/m. Second, ethanol is used because of the
low surface tension of 22.3 mN/m and similar viscosity compared to
water. The viscosity is similar and for water it is 1 cp and for ethanol
itis 1.1 cp at 20C.

For the characterization of the drop formation a video with
stroboscopic illumination has been taken, as described before. The
water dispensing is compared with ethanol dispensing. In the left
image of figure 5.4 water droplets are dispensed and in the right
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image ethanol droplets are dispensed. Both the droplet velocity and
driving voltage are similar. In both cases satellite-free dispensing is
achieved.

Figure 5.4: Comparison of droplet size for water dispensing A and ethanol dispensing
B. No wetting of the outer surface is observed. In both cases satellite-free dispensing
is achieved. The stroboscopic images A and B were taken at different delay times.

More important, during dispensing no air is sucked back into the
channel through the nozzle. No air is sucked into the channel
because the liquid stays attached to nozzle rim during dispensing.
This is an advantage of polyimide as base material because of a
clean nozzle outer surface cut of the polyimide by laser ablation.
Important for dispensing at low surface tension is that no wetting of
the outer surface occurs. If wetting of the nozzle outer surface occurs
the dispenser would fail. We conclude that for ethanol dispensing, a
reliable dispensing is achieved as for water.

Conclusion

Successful dispensing has been achieved with water and ethanol.
ethanol has been chosen because of its low surface tension of about
22.3 mN/m compared to water with a surface tension of 72.8 mN/m.
Considering the results of dispensing with these two liquids, we claim
that the dispenser works with any intermediate value of surface
tension.
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5.4.2 Upward or downward dispensing

During spotting, the dispenser stays, for convenience, together with
the well plate, thus the dispenser shoots upward, as shown in
diagram 5.1 and figure 5.4. The upward shooting has no influence on
the drop formation because the gravity can be disregarded
compared to the kinetic energy. The kinetic energy is about 50 to
100 times higher than the gravity at a droplet speed of 2 m/s. The
upward shooting avoids complex robotics for positioning and
displacing. The system becomes easy to handle and can be
displaced manually. If required the entire system could also be
turned upside down and the dispenser would spot downward. The
reservoir of the well plate would not leak out because of the surface
tension effect in small containers.

5.5 Characterization of a single channel

The variation of the droplet volume for a single channel from droplet-
to-droplet has been analyzed by measuring the evaporation time of a
single droplet. Droplet-to-droplet dispensing is then important when
thousands of identical slides will be spotted. The coefficient of
variance (CV) has been calculated.

Experiment set-up

The set-up, as described in figure 5.1, has been used for the
measurements. In this experiment, the evaporation time of droplet
was measured by counting the numbers of frame from droplet
arriving on a glass slide until the droplet is evaporated. The precision
is defined by the time difference between two single frames and is 40
ms, given by the video register frequency of 25 Hz. The error of the
method is around 5 % in time.
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Coefficient of variance (CV)

The coefficient of variance (CV) is defined by the following equation

S
CV=—x00%0,

avg
where is the standard deviation and avg is the average value, Ref.
5.

Results

The dispensed droplet has a nominal volume of 65 pL, calculated
from the droplet diameter. The variation of dispensed droplet volume
of a single channel has been compared by, first, calculating the
evaporation rate and then applying this to the droplet evaporation
time. The average evaporation time for a single channel, measuring
30 successive droplets, is t=1.40 sec + 0.12 sec resulting in a CV
value of 8.6 %, Ref. 5.

Conclusion

The method of the measuring the evaporation time is a fast method
for a first analysis. A CV value of 8.6 % per channel is slightly higher
than the desired value of about 5 %. Again by refining the driving
circuit, the CV value could be reduced down to 5 %.

5.6 Characterization of a 24-channel
dispenser sheet

Characterizing the dispensers involves several types of
measurements allowing to verify the range of usability of the device.
The characterization of each single 24-channel dispenser sheet, 16
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in total, defines then the performance of the entire 384-channel
dispenser. In the following sub-chapters 24-channel dispenser
sheets are thoroughly characterized.

5.6.1 Droplet volume and velocity

Drop size and drop velocity are measured in this section. Also drop
formation, drop trajectory, the absence of satellite droplets and
maximum shooting frequency are investigated.

Experiment

By using the set-up shown in figure 5.1 the droplet diameter and the
velocity was measured. Dispensing liquid is water for this
experiment. The 24-channel dispenser sheet wused for
characterization is shown in figure 5.5 including the 384-well plate,
which acts as reservoir. The 24-channel dispenser sheet has been
filled with the standard procedure by applying a backpressure of
some tens of millibar to the p-titer plate through the pressure port.
The liquid is then forced into the channel and flows upward passing
the restriction and stops at the nozzle by the surface tension effect of
the liquid.

The drop shape from a stroboscopic image is shown in figure 5.6.
This image corresponds to a single frame of a video. The dispensing
frequency is 500 Hz, meaning that during one frame about 20
droplets are registered. The image, in figure 5.6, shows a super-
positioning of 20 droplets. The droplet volume has been calculated
by measuring the droplet diameter.
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Figure 5.5: Front view of a 24-channel dispenser sheet. A 384-well plate acts as
reservoir for the individual channels.

Results

The average measured droplet diameter over 24-channel is 50 um,
resulting in a calculated droplet volume of 65 pL nominal.
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Figure 5.6: Stroboscopic observation of parallel drops of 12 channels out of 24. The
nozzle spacing is 500 um. The droplet diameter is 50 um resulting in a droplet volume
of 65 pL.

The sharpness of the image 5.6 indicates the high stability of drop
formation. Moreover, the velocity is stable and no satellite droplets
have been observed. The maximum dispensing frequency is about 2
kHz. The velocity has been calculated by measuring the travel
distance for a stroboscopic time difference of 100 us. The velocity is
1.78 m/s £ 0.2 m/s for a driving voltage of 140 volt for a 24-channel
dispenser sheet.

An important advantage of the device is the hydrophobic nozzle
outer surface. The hydrophobic nozzle outer surface avoids any
wetting of the nozzle surface. When wetting of the nozzle outer
surface would occur the droplet trajectory would be less precise as
seen for hydrophilic outer surfaces such as glass or silicon. A
hydrophilic surface must usually be covered with a hydrophobic
layer. These layers are usually not stable while in contact with
dispensing liquid and droplets will be deviated and misplaced or
leaking of the nozzle occurs. These difficulties have been overcome
by choosing polyimide as base material.

5.6.2 Statistics of droplet volume of different
liquids by 1-d parallel spotting

In this subchapter we are analyzing repeatability from one channel to
all 24 channels of dispenser sheet. It is important for the data mining
by scanner or other instruments that the spot sizes on glass slide are
regular over the entire array. Single droplets in parallel are
dispensed onto a glass slide and then the spot size is measured and
the coefficient of variance (CV) has been calculated.

92



384-Channel Dispenser

Experiment set-up

For observing a single droplet a glass slide is placed on top of the
nozzle at a distance of about 0.5 mm. A droplet is shoot upward to
the bottom side of the glass slide. From the topside of the glass
slide, the droplet is observed by a microscope. The dispenser is
actuated with a single impulse. Each impulse ejects one droplet per
channel. All 24 channels are actuated in parallel and with the same
driving signal. A video registers the dispensing onto the glass slide.
For the measuring the spot size, a single frame out of the video has
been taken. Such a frame shows a single droplet per spot site as
shown in figure 5.7.

Results

Images of single droplets, dispensed onto a glass slide, have been
taken for water and ethanol. The images are shown in figure 5.7.
Again each spot size has a single droplet. From the images in figure
5.7 the spot size has been measured and the average spot size and
its coefficient of variance (CV) have been calculated.

In figure 5.7, ethanol and water droplets are parallel dispensed onto
a glass slide. The ethanol droplets show a larger spot size compared
to water because of the lower surface tension properties of the liquid.
The low surface tension of ethanol allows spreading the liquid on a
hydrophilic surface such as a clean glass slide. The droplets are
spaced at 500 um. The droplet volume for both liquids is the same as
shown earlier in figure 5.4.
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Figure 5.7: Top, parallel dispensing of one 65 pL ethanol droplet onto a clean glass
slide. Bottom, dispensing of one 65 pL water droplet onto a clean glass slide using the
same driving parameters as for ethanol. The droplet spacing is 500 pm.

The average spot size for ethanol is 340 um with a CV of 9 %. The
average spot size of water is 110 um with a CV of 20 %. Water and
ethanol have been dispensed with identical driving parameters. Both
measurements have been done for 24 channels and for a common
driving signal. The common driving signal means that all channels
have been applied with an identical driving signal. This allows using
only one power supply.

Conclusion

The advantage of the common driving signal method is that only one
power supply is required even for a full 384-channel dispenser. The
disadvantage of the “common driving signal” method is the relatively
high CV of 20 % for water. The CV should be reduced to about 10 %
for water dispensing. This is possible be further refining of the driving
circuit.

5.6.3 Lifetime and Stability

The dispenser has been investigated for lifetime of the actuator and
stability of dispensing. Two tests have been carried out. First, about
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300000 cycles have continuously been applied to the actuators.
Second, a few droplets has been dispensed each day over three
days.

The lifetime test for the actuator has been for the 24-channel
dispenser sheets. The test method allows verifying if the actuators
are well assembled, glued and piezoelectric active. The actuator has
been tested with a driving voltage of 280 volt, a frequency of 500 Hz
and during 10 min. During the test time of 10 min, 300000 cycles
have been applied to the actuators. No failure or voltage breakdown
of the actuators has been observed.

The stability of the dispenser has been tested as a function of the
time. The test method is to dispense a few droplets per day during
three days as it may happen in research laboratories. The tests have
been done for several 24-channel dispenser sheets. During the test
days the dispensing was stable, meaning, that no adaptation of the
driving signal was necessary. The same driving signal could be
always applied. The dispensing was successful and no failure in form
of missing droplets has been observed during the three-day test
phase.

5.7 384-channel dispenser prototype

A complete 384-channel dispenser consists of the assembly of 16
individually fabricated 24-channel sheets.

57.1 Introduction

A 384-channel dispenser with 2-d nozzle pitch of 500 um has been
fabricated, assembled and characterized. The nozzle array has a
16x24 format given by a 384 p-titer plate. The spotted array has a

95



Chapter 5

size of 8x12 mm?2 carrying 384 individual spots with a nominal
volume of 65 pL each. The spots are dispensed at once.

An innovative advantage of the presented device is the modular
assembling of sixteen 24-channel dispenser sheets to build a 384-
channel dispenser. Any other format would be also possible by
staking any numbers of sheets. Another important advantage of the
384-channel dispenser is, that it can be directly interfaced to a 384-
well plate for filling. Most of biological substances are prepared in
standard 384 p-titer plates.

5.7.2 Assembly

The flexibility of the laminated polyimide sheets allows building a
384-channel dispenser as shown in figure 5.8. 16 dispenser sheets
are held mechanically together, by clamping in between two metal
plates. The sheets are separated by spacers in order to respect the
500 um spacing.

The 384-channel dispenser is placed over the p-titer plate by
mechanical alignment and is lowered to the well plate and the
channels are immersed into the wells. A gasket seals the
surroundings between casing and fluidic interface holder. Then, the
dispenser is held tight to the casing for filling the dispenser by
applying a backpressure through the pressure port, as shown in
figure 5.8.

The substrate (biochip) is placed onto the metal plates for printing.
The distance between the substrate and the nozzle was set to 500
pum. No critical alignment or displacement of the substrate (biochip) is
required since the whole array is spotted at once.
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Figure 5.8: Side view of a 384-channel dispenser including 384-well plate in the
casing, which functions as a reservoir, the electrical connections and, on the top, print
head where the substrate is placed for parallel printing.
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Figure 5.9: Top view of a 384-channel dispenser, showing the flexibility of the
polyimide sheets and the nozzle array in a 16x24 format, where the substrate is
placed for printing.

Figure 5.9 shows a top view of the 384-channel dispenser. A section
of the assembled 16x24 nozzle array can be seen in figure 5.10. This
assembling method has the very important advantage that each
single sheet, if a failure occurs, can be replaced by a technician. No
special skills are required for this procedure. This feature is highly
required for HTS (high-throughput screening) applications.
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Figure 5.10: Close up of figure 5.9 top view, showing a section of the 16x24 nozzle
array. The dark lines correspond to the polyimide sheets with nozzles and the white
lines are spacers cut out of a Mylar sheet.

To complete the illustration of the prototype a bottom view of the
fluidic interface holder is added in figure 5.11. The holder is made of
aluminum beams and clamps 16 dispenser sheets together at a
spacing of 4.5 mm. The sheets are also aligned by pins/bores. The
polyimide sheet has a fingered shape and each finger fits into the
well of a standard 384 p-titer plate. A standard 384-well plate is
shown in figure 5.12.
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Figure 5.11: Bottom view of the 16x24 dispenser, showing the fluidic interface holder.
Each channel is independent and spaced at 4.5 mm.

Figure 5.12: A standard 384-well plate used as reservoir for the dispenser. The
volume per well is about 120 pL. The internal of the p-channel is only about 2 pL and
allows dispensing thousands of 65 pL droplets.
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5.7.3 Sheet lengths

The assembling of 16 sheets requires that each pair of sheets has
another length. The lengths of these sheets are cut by laser and the
positioning is made by the same pins as for the print head alignment.

Figure 5.13: Each pair of sheets has a different length given by the geometric shape.
The lengths of the sheets are adapted within the laser cutting process of the outer
shape of the polyimide sheets.

This method allows a very precise cutting of the sheet lengths. As
shown in figure 5.13, a length difference of 0.8 cm from the middle to
the outer sheet has been measured, results in a variation length of
less than 10 %. The dispensing is independent of the channel length
as demonstrate with CFD simulation earlier in this work.
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5.7.4 Parallel filling of 384-channel dispenser

For filling and dispensing, the fluidic interface holder is placed over
the casing, where the well plate is placed and sealed with a gasket
for pressurizing the wells and filling the channels simultaneously.
Applying a backpressure of about 20 mbar, as for a 24-channel
dispenser sheet, does the filling. No self-filling happens because of
hydrophobic behavior polyimide surface (contact angle =95 deg for
water). The pressure forces the liquid into the channels. The liquid
flows up passing through the restriction and stops at the nozzle by
surface tension effect. Once filled no backpressure is required for
water dispensing. While dispensing low surface tension liquids such
as ethanol a backpressure of a few millibar increases the stability of
droplet velocity. The internal volume of a channel is only about 2 pL.
This allows dispensing thousands of droplets.

575 Characterization

In the microarray technology the spot misplacement are important
parameters next to the volume and spot size. For a safe detection by
scanners, the spots must be clearly separated so that no cross
contamination occurs.

The 24-channel dispenser sheets have been completely
characterized in the previous sub-chapters. These characterizations
are still applicable for the 384-channel dispenser because the 24-
channel dispenser sheets do not change the characteristics while
assembled to a 384-channel dispenser.

The goal in this sub-chapter is to analyze the precision of the droplet
placement onto the substrate (biochip).
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Experiment

To characterize the spot misplacement of the 384-channel dispenser
a dye methylene blue has been added to the water. The evaporation
time of water droplets is about 1.4 sec. This short time does not
allow analyzing the droplet misplacement in real time. By using a dye
the spot misplacement can be measured once the liquid is spotted
and dried. The droplets have been spotted onto bright white regular
paper, for convenience. The distance between nozzle and substrate
was set to 500 pm.

Results

A section of 2-d array parallel dispensing is shown in figure 5.14. The
positions of the dispensed and dried droplets have been compared
to a 500x500 pm2 grid. This method does not only count the
misdirection of the droplet trajectory but also the misalignment of the
dispenser sheets itself. The deviation to the grid has been measured
and the maximum deviation is reported below.

Figure 5.14: A section of a parallel spotted array. A mixture of water/methylene blue
dye has been dispensed onto a bright white paper for characterization of spot
misplacement.
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The maximum misplacement of droplets is + 29 um in x-direction and
in y-direction it is slightly higher at + 33 um for a slide-nozzle
distance of 500 um. The maximum directionality angle error is then in
x-direction + 3.3 deg and in y-direction + 3.7 deg. The maximum
misplacements are small compared to the droplet spacing of 500 pm
and no overlying of droplets is observed. By reducing the nozzle-
substrate distance from 500 um to 250 um, the misplacement can be
divided by a factor of 2.

5.7.6 Dispensing with or without well plate

It is foreseen that the dispenser stays together with the well plate for
dispensing. While biological samples are expensive, it may be
appropriate to split the well plate from the dispenser after filling.
Then, the well plate could be stored or used for other applications.

For dispensing without well plate, a backpressure must be applied
during dispensing. The pressure pushes the liquid into the channel
and guaranteed the refilling the chamber.

5.7.7 Outlook: Scalability of format and nozzle
spacing

More and more, higher densities of p-titer plate are used today. A
standard format next to the 384-well plate is a 1536-well plate. This
plate has a well-to-well spacing of 2.25 mm and the same outer
dimension as a 384-well plate. The 384-channel dispenser is
scalable to 1536 channels in 32x48 format at a nozzle spacing of
500 um. Any other formats can be also achieved. Moreover, also
other nozzle spacing is possible within a certain range, as for
instance 450 um in x-direction and 550-um in y-direction. The same
fabrication process can be used as developed for the 384-channel
dispenser.
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5.8 Conclusion

All characterizations have been done by a common driving signal
using one power supply. The velocity of the droplets varies for a 24-
channel dispenser of about +10 % because of fabrication and
assembling tolerances of the first prototype. The fabrication has
been mainly done by hand. Further optimization of the fabrication
process is planned. It is believed, that the CV value of 20 % could be
reduced to 10 % by refining the electronic driving circuit. The
presented 384-channel dispenser is scalable up to a 1536-channel
dispenser or any other format with the same technology processes
developed within this project.
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6 CONCLUSION

To date, conventional pipetting and aspirating solenoid valve
techniques are commonly employed for aspirating and dispensing
samples in automated analysis systems. These methods can no
longer be used for microarray technology as the dimensions are
dramatically reduced. New efficient techniques that handle volumes
in the picoliter domain are therefore needed. Not only the improved
analytical performance, obtained by microscaling of chemical
analysis systems is a driving force towards reduced sample volume,
but also high-throughput screening (HTS), a method for rapid
analysis, benefits greatly from new sample handling techniques, that
offer an increased speed and smaller sample volumes.

The advantages of the 384-channel dispenser compared to
commercially available spotting systems are: First, the highly parallel
spotting of 384 samples at once onto a microarray. All actuators are
powered by an identical driving signal, generated by one power
supply. The small aspirated volume of only 2 uL, compared to the
one of classical devices of 20-50 pL, reduces the amount of sample
and therefore process cost. Second, the standalone configuration
minimizes the used lab space and avoids complex robotics for
positioning the biochip. The biochip is simply placed on top of the
print head onto pillars at a fixed substrate nozzle distance. The
biochip can also be positioned by means of stoppers.

Today, most of the biological applications are standardized to the
384 p-titre plate, which has a well-pitch of 4.5 mm. The dispenser
can be easily scaled to any other spacing at inlet side and also to
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any other format. The 16x24 format has been chosen for the
demonstration of the feasibility. The scale can be changed by a
simple redesign of the channel layout. The developed technology
can be used without any further optimization.

The nozzle spacing of 500 um was set to this first prototype.
However, other nozzle-to-nozzle spacings within a certain range are
also possible according to a specified application.

Two aspects reach a high stability of dispensing. First, the
piezoelectric actuators are not in contact with the dispensing liquid.
Second, the hydrophobicity of the nozzle-outer surface, given by the
material properties of the polyimide, results in a stable directionality
of the droplet trajectory.

The development of the fabrication steps for the dispenser is well
advanced, thus the industrialization phase is started. Most of the
fabrication steps have already been optimized and a high yield has
been achieved for the key processes.

The technology of flexible p-channels can be used for many other
applications, where handling of small liquid volumes is needed.
Using laser technology, almost any channel layout can be ablated
into a 150*150 mmz2 polyimide sheet. The outer shape of the sealed
channel system can be tailored by the same laser technology within
a short time.
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