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Abstract
Microfluidic aliquot dispensing technologies have been utilized in many chemical or biological
high throughput assays to provide high-speed deposition of high-resolution droplets. Particularly,
these aliquots can be used to dispense a controlled volume of liquid into multi-well plates in drug
screening applications. However, existing platforms are often designed to print a limited set of
materials where each material is handled by an independently actuated nozzle. A more
convenient and scalable technology that could allow digital output of multiple materials on
demand must be explored.

Monodispered droplets can be formed continuously in a microfluidic T-junction when two input
flows of immiscible fluids are maintained. However, it is difficult to form stable air separated
aliquots in a simple T-junction configuration. Electrowetting-on-dielectric (EWOD) is
commonly used to control individual droplets in a planar configuration. But it is not usually used
in microfluidic channels. In this device, a new method for creating air separated aliquots on
demand using EWOD at a microfluidic T-junction was demonstrated. Since air is the carrier
fluid, these aliquots can be dispensed without further liquid processing. A device that consists of
SU-8 channels with electrodes in alignment with the channels was designed and fabricated. A
double wedged junction was incorporated at the dispersed channel to create a barrier pressure
that allows the meniscus location to be controlled by the applied pressures. Droplets of
approximately 15 nL can be generated by applying a voltage at the electrode at the junction.
Liquid flow is stopped when the voltage is removed. This mechanism can be used as a digital
valve to generate a sequence of aliquots of different materials for a multi-material printing
platform.
ii

Preface
The concept of the aliquot-on-demand system was developed by me in collaboration with Ali
Ahmadi under the supervision of Dr. Boris Stoeber and Dr. Konrad Walus. I designed and
fabricated the devices used in the experiments. I planned and conducted all the experimental
work and data analysis.
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Chapter 1: Introduction

1.1

Objective and motivation

In recent years, inkjet droplet dispensing technologies that have been used in commercial printers
for many years have been combined with microfluidic technologies to dispense microdrops that
can be utilized in new applications including DNA synthesis [1], drug discovery [2], and precise
electronics fabrication [3]. State of the art microdrop (commonly referred to as aliquots)
dispensing technologies have the advantage of being able to dispense high-resolution isolated
aliquots with controlled sizes in the range of nanoliters or picoliters on demand. This allows
precise control of material deposition at high-speed, making it a suitable candidate for highthroughput applications [4]. Particularly, these microfluidic aliquot generation systems have been
used for dispensing controlled volumes of liquid into high throughput screening multi-well plates
for drug discovery applications [5], [6]. In most existing multi-material platforms, input
materials are prepared in advance and then supplied to the system where liquid processing on
demand is not possible. Also, different materials are usually dispensed by independently actuated
nozzles, making it necessary to have a complex actuation system when processing multiple
materials [2], [7], [8].

The objective of this project is to design and fabricate a microfluidic system that can generate a
sequence of controllable aliquots of different materials to be used in a lab-on-a-printer printing
platform. A scalable device that can sequentially deliver droplets of different materials is
especially important in applications that involve a large variety of reagents such as chemical
synthesis or screening processes [9], [10]. The lab-on-a-printer concept is illustrated in Figure 1.
1

Unlike conventional inkjet systems that only dispense predetermined materials, it incorporates
conventional microfluidic processing submodules to allow fluid processing at the printer on
demand. The processed materials are then passed to a multi-material output valve module where
an output sequence of material can be specified and dispensed through one nozzle.

Figure 1:

Lab-on-a-printer schematic with a multi-material valve module that can generate a sequence of
air separated aliquots of different materials on demand

There is a wide variety of available mechanical microvalves that can provide precise
microfluidic control using actuation methods including electrical, magnetic, piezoelectric, and
pneumatic [11], [12]. Using these mechanical microvalves, liquid segments of different materials
can be formed [6], [13]. However, each input will require a separate pair of valve and actuator.
2

Since many of the existing mechanical valve mechanisms require complicated fabrication, a
system with many materials could result in a very complicated structure. Also, a carrier liquid is
usually needed to form a stable flow. Instead of using mechanical valves, the purpose of the
proposed design is to develop a new digital valve mechanism that could output a sequence of
discrete droplets of different materials. For this application, the aliquots must be completely
separated by air so that they can be dispensed without further liquid processing to remove the
carrier fluid. Also, air spacers can limit cross contamination and are especially important in
applications where individual properties between droplets must be conserved [14]. The proposed
design combines a conventional continuous T-junction aliquot formation technique with
electrowetting-on-dielectric (EWOD) actuation to provide controlled droplet formation on
demand. This design is scalable and is suitable to be used in a platform involving multiple
materials.

1.2

Multiphase T-junction droplet formation

The T-junction is one of the most commonly used structures for continuous monodispersed
droplet and bubble formation [15]–[17]. In this configuration, as illustrated in Figure 2, two
immiscible fluids merge at a T-shaped junction at constant flow rates. One of the input channels
and its extension that is used for transporting the produced aliquot is usually referred to as the
carrier channel and the part that is perpendicular to the carrier channel is usually referred to as
the dispersed channel.

3

Figure 2:

Droplet breakup in a T-junction

The flow behavior of a two phase flow can be predicted by the Capillary number of the carrier
flow
𝐶𝑎 =

𝜇𝑢
,
𝛾

(1)

where μ is the viscosity of the carrier fluid, u is the flow rate of the carrier fluid, and γ is the
interfacial tension. In a flow where the capillary number is small, typically Ca < 0.1, interfacial
tension dominates shear stress and the flow operates in the squeezing regime and the liquid is cut
off close to the junction. The squeezing regime is usually the desired operation regime for
aliquots formed in this manner. At high Ca a laminar flow is formed in the carrier channel before
breakup could happen further away from the junction [15]. In the squeezing regime, as the fluid
in the dispersed channel flows into the carrier flow, the pressure difference across the part of the
fluid that is in the carrier flow builds up and eventually this pressure difference breaks the fluid
off from the fluid remaining in the dispersed channel, forming a droplet or a bubble. Droplet or
bubble sizes, frequencies, and flow regimes are dependent on channel geometry and the flow
rates of the different phases and these properties cannot be individually tuned without causing
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changes to other properties [15], [18]. Highly monodispersed droplets or bubbles can be formed
continuously when the flow rates of the two materials are maintained [16], [19].

There are three possible phase distributions between the two immiscible fluids in a T-junction
system in square channels. The phase distributions of flows with two immiscible liquids, gasliquid with hydrophilic walls, and gas-liquid with hydrophobic walls are illustrated in Figure 3.

Figure 3:

Possible phase distribution in a T-junction system with square channels

(a) liquid-liquid (b) gas-liquid with hydrophilic walls (c) gas-liquid with hydrophobic walls

In a liquid-liquid flow (Figure 3 (a)), one liquid forms a thin film along the walls and corners of
the channel, wrapping around droplets of the other liquid. In a gas-liquid system with
5

hydrophilic walls (Figure 3 (b)), the liquid would wrap around gas slugs, providing a lubricating
film to carry the gas slugs across the channel smoothly. In a gas-liquid system with hydrophobic
walls (Figure 3 (c)), liquid droplets are completely separated by the gas phase [20]. However,
due to the lack of the lubricating liquid layer along the channel walls, droplets formed in a fully
hydrophobic system are not stable and could result in significant variations in droplet size and
shapes during droplet formation or resulting from merging during transport along the channel
[14], [21]. In a hydrophilic gas-liquid system with circular channels, the connecting liquid film
thickness is significantly thinner than that in square channels. However circular channels are
difficult to fabricate and they are not compatible with many existing microfluidic fabrication and
integration methods [14]. In many applications that incorporate the gas-liquid T-junction system,
the gas is used as the dispersed fluid with a hydrophilic carrier fluid. The gas bubbles can act as
spacers to promote mixing within the individual droplets [5], [22], [23]. But this configuration is
not suitable for our application where we want to output a series of droplets of different materials
in an air carrier flow.

1.3

Electrowetting-on-dielectric

The electrowetting effect is the electromechanical effect of change in wettability of a surface by
a liquid due to the presence of an electric field. Electrowetting-on-dielectric (EWOD) is the
configuration where a dielectric layer separates the liquid from at least one of the electrodes to
enable a higher electric field and a wider variety of possible liquids [24]–[28]. As illustrated in
Figure 4, when the voltage is applied across the dielectric layer with a conductive liquid above
the layer, charge is accumulated at the surface of the solid-liquid interface, causing the surface
energy to decrease, hence reducing the apparent contact angle of the liquid from θ0 to θ. A
6

hydrophobic layer is usually deposited on the dielectric to minimize hysteresis and improve
device operation [24], [25], [28], [29].

Figure 4:

EWOD mechanism

In fact, the local contact angel θ0 at the liquid-solid-gas interface remains unchanged. But that
effect is only visible at a very small length scale (in the scale of hundreds of nanometers) at the
contact line and has negligible effect on the overall surface energy representation of the liquid.
The electric field causes a significant change to the curvature of the liquid-gas interface near the
contact line leading to the apparent contact angle θ [27]–[29].

As shown in Figure 4, the contact angle of a liquid is determined by the balance between the
three interfacial tension energies and it is expressed by the Young’s equation,
𝛾𝑆𝐿 = 𝛾𝑆𝐺 − 𝛾𝐿𝐺 cos 𝜃0 ,

(2)

where γSL is the solid-liquid interfacial tension, γSG is the solid-gas interfacial tension, γLG is the
liquid-gas interfacial tension, and θ is the contact angle. The effect of the electric field can be
7

modeled through an effective solid-liquid interfacial tension caused by an applied voltage as
described by Lippmann’s equation,
1
𝛾𝑆𝐿 (𝑉) = 𝛾𝑆𝐿,0 − 𝑐𝑉 2 ,
2

(3)

where 𝛾𝑆𝐿,0 is the solid-liquid interfacial tension when there is no voltage applied, c is the total
capacitance per unit area of the dielectric layer, and V is the applied voltage (Vrms is used when
AC voltage is applied). By combining equations ( 2 ) and ( 3 ) we get the governing equation of
EWOD that is known as the Lippmann-Young’s equation [24], [26], [28], [30],
cos 𝜃(𝑉) = cos 𝜃0 +

1
𝑐𝑉 2 ,
2𝛾𝐿𝐺

(4)

where θ(V) is the contact angle as a function of applied voltage.

EWOD is commonly used to manipulate discrete droplets to perform tasks including creating an
individual droplet from a reservoir, transporting, mixing and splitting a droplet. It allows
complex fluid operations to be controlled by electrical signals alone for a wide range of dropletmedium combinations [28], [31], making it an ideal technology for lab on a chip devices.
Devices are usually configured with liquid sandwiched between a transparent conductive top
plate and a bottom plate patterned with a desired grid of electrodes covered with a dielectric
layer. The plates are usually separated by a spacer and held together but not bonded together. A
hydrophobic layer is usually coated on both plates to improve performance. Some example
applications with this configuration include chips for dried blood spot analysis [32], glucose
detection [33], droplet based automated algal culture condition screening [34], multi-material
bio-assay [35], and material detection using capacitance [36].
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1.4

Related work

The proposed device combines a pressure driven T-junction configuration with EWOD actuation
to control droplet formation at the junction. Some devices with concepts similar to the proposed
design have been made. Morishita et al. have fabricated a trench structure with electrodes on
three sides using shadowmask evaporation and demonstrated they were able to move liquid
forward using EWOD. However, the group did not attempt droplet breakup [37]. Jenkins et al.
have generated a pressure change by actuating droplets with EWOD in a sealed channel. Up to 6
droplets and a maximum pressure of 7.6 kPa was formed by actuating water droplets in an oil
medium, proving that is it possible to create a pressure change using EWOD on droplets [38].
Malloggi et al. have shown that they were able to control the droplet size and formation
frequency at a liquid-liquid flow focusing junction by applying a voltage to the electrode at the
junction. The device was fabricated by clamping PDMS channels onto a glass slide coated with
ITO and Teflon. They did not attempt forming droplets in air [18].

As mentioned before, droplets formed in a hydrophobic environment using a conventional Tjunction mechanism are completely separated by air but are not stable. Oskooei et al. have
fabricated a flow rate driven T-junction chip that is hydrophilic at the junction and hydrophobic
elsewhere. Gas plugs are formed in a stable manner at the hydrophilic junction and as the flow
reaches the hydrophobic part the liquid transitions into discrete slugs and continues to flow
downstream. Droplets formed in this manner were stable and completely disconnected by air.
Similar to conventional T-junction mechanisms, droplets are formed continuously when the flow
rates are maintained [14]. In our proposed device, the liquid aliquots are formed in a hydrophilic
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environment using a combination of EWOD and hydrodynamic forces and transported to a
channel with hydrophobic and hydrophilic surfaces.

1.5

Design overview

As shown in Figure 5, the proposed design has multiple dispersed junctions with different
materials connected to one carrier channel. The two pressure sources are maintained at constant
pressures and the electrodes are actuated to form droplets.

Figure 5:

Design overview

The pressure difference across a curved interface of two phases is described by the Laplace
pressure equation:
1
1
𝑃1 − 𝑃2 = 𝛾12 ( + )
𝑅1 𝑅2

(5)

where R1 and R2 are the two principle radii of curvature of the surface. The applied pressures are
maintained at a level such that when the electrode is turned off, the liquid stops near the junction.
As shown in Figure 6, when the electrode underneath the T-junction is actuated, the contact
angle between the liquid and the dielectric layer above the electrode decreases, causing the
pressure required to maintain at the same point to decrease. As a result, liquid will move forward
10

and break into droplets due to the hydrodynamic forces from the continuous flow in the carrier
channel. In this design, only two applied pressures maintained at constant levels are required to
handle multiple materials, and only electrical signals are required to actuate the aliquot formation
and control the formation frequency.

Figure 6:

EWOD actuated droplet breakup at a T-junction

In the conventional T-junction configuration, constant flow rates are driving the materials. And
in a constant flow rate liquid-gas system the gas is usually placed in the dispersed flow. In our
configuration the gas is the carrier flow and constant pressures are driving the materials.

11

Chapter 2: Fabrication

We have designed a fabrication procedure that is similar to typical parallel plate EWOD
configuration but with channels in between that are aligned with electrodes. The fabrication steps
are illustrated in Figure 7.

Figure 7:

Fabrication flow chart

1. Pattern electrodes
Microscope slides (25 mm by 75 mm by 1mm) coated with 50 angstroms of chromium
followed by 1000 angstroms of gold are purchased from EMF Corporation (Rochester,
New York). The metal coating on these slides is patterned to form the desired electrode
12

patterns by shielding wanted parts with a positive photoresist (Shipley 1813, Microchem,
Westborough, Massachusetts) and immersing the slides into gold and then chromium
etchants to remove the metal from unwanted areas. The fabrication steps and parameters
for photoresist are listed in Table 1

Table 1:

Shipley 1813 fabrication parameters

Step

Parameters

Spin photoresist
(Shipley 1813)

4700 rpm, 45 s, acceleration at 23 rpm/s

Soft bake

15 minutes at 80 ⁰C
Cool down to room temperature on a flat surface

Exposure

8 seconds at 8.5 mW/cm2

Develop

In MF319 developer for 3-5 minutes or until pattern
is clear

Plasma clean
(Trion PECVD)

Pressure: 200 mTorr
Power: 70 W
O2: 70 sccm
Temperature: 20 ⁰C
Time: 20 s

Post exposure bake

20 minutes at 120 ⁰C

Potassium iodide gold etchant is mixed using I2/KI/H2O with the ratio of 1:4:40.
Chromium etchant (Chromium Etchant 1020) is purchased from Transene Company, Inc.
13

(Danvers, Massachusetts). In both processes, etching is performed using the following
steps:
1. Immerse slide into etchant for 15 seconds
2. Remove slide from etchant and rinse with DI water
3. Dry slide with compressed air
4. Check under microscope and if there are still gold/chromium left immerse into
etchant for 10 seconds and go to step 2
Both etchant can be recycled and reused until etch rate is too slow.

After etching the photoresist is removed with oxygen plasma for 5 minutes in a Trion
PECVD system (pressure: 200 mTorr, power: 150 W, O2: 70 sccm, temperature: 20 ⁰C).

2. Coat patterned slides with Parylene-C and Teflon
The patterned slides are then coated with Parylene-C by vapour deposition. The dimer
and the coating device are both from Specialty Coating Systems (Indianapolis, Indiana).
Before coating Parylene-C, the surfaces are treated with an adhesion promoter A174
Silane (also from Specialty Coating Systems, Indianapolis, Indiana) using a standard
immersion procedure with the following steps:
1. Prepare a solution by mixing 500 ml of DI water, 500 ml of of IPA and 10 ml of
A174 Silane in a beaker with a stirrer for at least 5 hours
2. Cover electrodes with Kapton tape
3. Immerse slides in IPA for 5 minutes
4. Immerse slides into water/IPA/A174 mixture for 30 minutes
14

5. Dry slides by placing them upright for 30 minutes (do not dry with compressed air)
6. Immerse slides into IPA for 10 minutes
7. Dry slides with compressed air
8. Bake slides at 110 ⁰C for 10 minutes
Parylene adhesion is significantly improved with the adhesion promoter. The Kapton tape
is removed and replaced with new tape before coating the slides with Parylene-C.
Parylene-C is conformally coated onto the slides using a vapour deposition method. A
wide range of thickness of Parylene-C can be coated by this method and the thickness can
be controlled by controlling the weight of the dimer that is used in a given process run. In
this device 5-6 μm of Parylene-C is the target deposition thickness. The Kapton tape is
peeled off to reveal the electrode contacts following Parylene deposition. It is possible to
coat Parylene onto the slides without using the adhesion promoter but due to the weak
adhesion to the slides, the Parylene covering the working area of the device may be
peeled off with the tape.

The Parylene-C layers are annealed at 300 ⁰C for 3 hours in a vacuum chamber with a
small nitrogen flow. It was shown that Parylene-C annealed this way is a better insulator
without causing any changes to its chemical structure [39]. But this must be done in an
oxygen-free environment because Parylene-C can oxidize at a temperature above 120 ⁰C
[39], [40]. Parylene annealing is done in a PECVD system from Trion with the following
steps:
1. Place slides into the chamber and form a vacuum
2. Flush the chamber with nitrogen
15

3. Form a vacuum again, repeat steps 2 and 3 twice
4. Set a small nitrogen flow (10 sccm)
5. Set temperature to 300 degrees, it will take about 30 minutes to reach 300 degrees
6. Maintain system at 300 degrees for 3 hours
7. Set temperature to room temperature, it will take about one hour to reach room
temperature
Teflon-AF 2400 (DuPont Canada, Mississauga, Ontario) is then spin coated onto the
Parylene layer at 1000 rpm for 45 seconds. The resulting film thickness is measured to be
in the range of 100-200 nm using a Tencor AlphaStep 200 Profiler.

3. Deposit SU-8 channels using photolithography
Channels are built and aligned with the electrodes using negative photoresist SU-8 3050
(MicroChem, Westborough, Massachusetts) and photolithography. The grey layer in
Figure 8 is the SU-8 mask and the pink layer is the mask for the electrodes. The area on
the image that is not grey within the grey rectangle is the footprint of the resulting SU-8
structure after lithography.

Figure 8:

SU-8 channel and electrode structures
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Before spin coating SU-8, the Teflon coated surface is treated with weak oxygen plasma
for 10 seconds in a Trion PECVD system (pressure: 200 mTorr, power: 50 W, O2:
70 sccm, temperature: 20 ⁰C) with a piece of PDMS covering the channel area to remove
the Teflon at the outer rim. If SU-8 is spun directly onto a Teflon coated surface, the
hydrophobicity of the surface will cause the SU-8 to coil towards the center of the surface
during soft bake. Treating the outer edge of the slide with oxygen plasma will expose the
hydrophilic glass and as a result the SU-8 layer will be pinned down at the edge even
though the center is hydrophobic. Any openings in the hydrophobic part will otherwise
cause the SU-8 to coil towards the hydrophilic part of the slide. The fabrication steps for
the SU-8 channels are listed in Table 2.

Table 2:

SU-8 3050 fabrication parameters

Step

Parameters

Spin photoresist

Step 1: 500 rpm, 10 s, acceleration at 100 rpm/s
Step 2: 1000 rpm, 30 s, acceleration at 300 rpm/s
Step 3: 0 rpm, 10 s, deceleration at 300 rpm/s

Soft bake

1 minute at 65 ⁰C
35 minutes at 95 ⁰C
Cool down to room temperature on a flat surface

Exposure

43 seconds at 8.5 mW/cm2

Post exposure bake

1 minute at 65 ⁰C
3 minutes at 80 ⁰C
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Hot plates are leveled before baking to minimize thickness variation. Most SU-8
fabrication parameters are selected based on the recommended values provided by
MicroChem. Exposure time and hard bake parameters are purposely reduced so that the
SU-8 is not completely annealed to allow bonding. The resulting thickness of the SU-8
channel layer is around 80-90 μm (measured with Tencor AlphaStep 200 Profiler). The
channel height is assumed to be 85 μm for all the calculations in the rest of this thesis.

4. Coat ITO with Teflon and drill holes
The ITO coated slides (700 nm thick ITO coating, 8-12 ohms/square sheet resistance,
purchased from SPI supplies, West Chester, Pennsylvania) are cut into 14 mm by 65 mm
pieces and inlet holes with a 1.8 mm diameter are drilled using a micro milling platform.
Teflon is then spun coated onto the drilled slides at 1000 rpm for 45 seconds, resulting in
a film with thickness around 100 to 200 nm. The film is annealed at 240 ⁰C for 15
minutes right after spinning. Figure 9 shows the location of the ITO top plate in the
device.

Figure 9:

ITO top plate
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5. Bonding
The top plate is bonded onto the SU-8 channels by applying a pressure at an elevated
temperature to allow partially crosslinked SU-8 to adhere to the Teflon top plate. SU-8 is
an epoxy based photoresist and it has been shown that SU-8 microfluidic channels can be
sealed with glass by applying a pressure to SU-8 heated above its glass transition
temperature [41]. In order to have a successful bond, the SU-8 must be crosslinked
sufficient to maintain the channel structure when the pressure is applied during bonding
and must have sufficient partially crosslinked polymer chains to allow bonding to the
Teflon-coated ITO slides. Also, sufficient pressure must be applied to the sample to allow
bonding but without cracking the glass. Most importantly a close contact between the two
surfaces must be maintained for bonding to be successful. Suitable parameters were
determined through successive trials.

The glass transition temperature is 50-65 ⁰C for uncrosslinked SU-8 and 150-240 ⁰C for
crosslinked SU-8 [41]. To determine a working bonding temperature, bonding was
attempted at various values between the glass transition temperatures of uncrosslinked
and crosslinked SU-8. Through experiments, combining the SU-8 annealing procedure
described earlier, bonding at 80 ⁰C for 30 minutes can give completely bonded channels
that maintain the intended geometry of design.
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To achieve this bonding, we have built a clamp using standard optomechanical parts.
Images of the clamp are shown in Figure 10. As shown on the images, the chip is placed
between two pieces of 5/8 inch thick glass and clamped together and tightened by
screwing the two screws into the pillars on the two sides. The heights from the top rod to
the bottom of the clamp on each side (as indicated by the arrow in Figure 10) are
measured and matched using a caliper to ensure the flatness of the clamp.

Figure 10:

Bonding clamp

A piece of rubber that is 2 mm thick is placed above the ITO at the bonding area, as
shown in Figure 11, to provide an even force distribution to the SU-8 while reducing the
risk of cracking the top plate.

20

Figure 11:

Bonding configuration

All the parts of the bonder, including the rubber, are preheated at 80 ⁰C in the oven for at
least 30 minutes before bonding.

After bonding, pipette tips are glued onto the inlets by epoxy to act as ports for tubings. Epoxy is
also applied to the outer edge of the top plate to secure the bonding. If not glued together the top
plate can be easily ripped off after bonding. But with epoxy applied bonded channels shown little
sign of leakage after many experiments. Figure 12 is an image of a device fabricated with the
procedures described.

21

Figure 12:

Image of a device fabricated with the procedure described in this chapter
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Chapter 3: Channel design and characterization

For this device, we need to fabricate channels in a T-junction such that we can easily stop liquid
near the junction and be able to move the liquid into the carrier channel using EWOD. The ideal
design would be one that can stop the liquid a little behind the junction with a reasonable range
of working pressure so that cross contamination can be limited in a chip with multiple junctions.
In our channels, the vertical channel walls are hydrophilic (SU-8) and the top and bottom walls
are hydrophobic (Teflon).

3.1

Straight channels

Straight channels are used in conventional pressure T-junction. The liquid interfaces in a straight
channel with Teflon top and bottom walls and SU-8 side walls are illustrated in Figure 13.

Figure 13:

Liquid interface from the (a) side view (b) top view

Figure 13 (a) is the side view profile of the liquid forming a convex shape with hydrophobic
contact angles with a radius of curvature (RTe) of
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𝑅𝑇𝑒 =

ℎ𝑆𝑈−8
,
|2cos(𝜃𝑇𝑒 )|

(6)

where hSU-8 is the height of the SU-8 channels and θTe is the static contact angle of Teflon. Figure
13 (b) is the profile of the liquid from the top view of the chip forming a concave shape due to
the hydrophilic surfaces of SU-8. The radius of curvature of the meniscus in contact with the SU8 channel walls (RSU-8) is
𝑅𝑆𝑈−8 =

𝑤
,
|2cos(𝜃𝑆𝑈−8 )|

(7)

where w is the width of the SU-8 channels and θSU-8 is the static contact angle of SU-8. The
Laplace pressure across the liquid interface is
|2cos(𝜃𝑇𝑒 )| |2cos(𝜃𝑆𝑈−8 )|
1
1
∆𝑃 = 𝛾𝑙𝑔 (
+
) = 𝛾𝑙𝑔 (
−
).
𝑅𝑇𝑒 𝑅𝑆𝑈−8
ℎ𝑆𝑈−8
𝑤

(8)

In a straight channel where w is constant, the Laplace pressure across the gas-liquid interface is
constant and does not vary with the location of the meniscus. As a result it is very difficult to
stop liquid in a straight channel in a well-defined location using different applied pressures and it
is not possible to stop liquid before the junction. Wedged junctions were designed to solve these
problems.

3.2

Wedged junction

A double wedged junction for the dispersed channel shown in Figure 14 was designed as it
allows for stopping the fluid in a well-defined location using pressure control. Since the structure
is not straight, as the liquid flows towards the junction, the Laplace pressure across the gas-liquid
interface changes. The variables describing this geometry are defined in Figure 14. The
parameters must be selected such that an increasing amount of pressure will be required as the
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liquid moves toward the junction. This increasing pressure will act as a pressure barrier that will
stop/start liquid flow as the electrode is turned off/on.

Figure 14:

Wedged juntion design

In the expanding part of the channel with a length of h2, as shown in Figure 15, if the sum of the
static contact angle of SU-8 and the angle of expansion of the channel (θsu-8 + α2) is smaller than
90⁰, the meniscus will form a concave shape as it moves forward. With this shape an increasing
pressure will be required as the liquid moves forward. The static contact angle of the SU-8 used
in this device was measured to be 73⁰-78⁰ on a flat SU-8 surface (by using a contact angle tool,
Attension Theta, to measure contact angle on droplets deposited on SU-8 surfaces) and 55⁰-75⁰
in SU-8 channels (by taking images of liquid at rest in straight SU-8 channels and finding the
tangents to the liquid interfaces). To ensure θsu-8 + α2 is always less than 90⁰ while maximizing
the wedged effect, α2 was designed to be slightly less than 10⁰. A contracting part was added
before the expanding part so that the width of the straight channel is not limited by w2. Having
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channels that are too narrow between the fluid reservoir and the junction can result in high flow
resistance or cause fabrication problems.

Figure 15:

3.3

Flow in the expanding part

Liquid interface profiles

The liquid profile from the side view remains constant as in Figure 13 (a) because the top and
bottom plates are parallel. As the liquid moves into the wedged part of the channel, the radius
curvature equation changes due to the geometry change. The liquid profile in a contracting
channel is illustrated in Figure 16. Because SU-8 is a hydrophilic material, θSU-8-α1 is always
smaller than 90⁰, as a result the liquid will always form a concave shape.
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Figure 16:

Liquid profile in a contracting channel

The radius of curvature in this region is
𝑅𝑆𝑈−8 =

𝑤

(9)

|2cos(𝜃𝑆𝑈−8 − 𝛼1 )|

The liquid profile in the expanding part is illustrated in Figure 17.

Figure 17:

Liquid profile in an expanding channel
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The radius of curvature is described by
𝑅𝑆𝑈−8 =

3.4

𝑤
−2cos(𝜃𝑆𝑈−8 + 𝛼2 )

.

( 10 )

Contact angle vs. applied voltage in a parallel plate EWOD configuration

The asymmetric parallel plate EWOD configuration is illustrated in Figure 18.

Figure 18:

Liquid profile with an applied voltage

A 3-10 μm thick Parylene C layer is coated to the bottom plate as the dielectric. Then a thin layer
of Teflon (about 100-200 nm thick) is coated to both the top and bottom plates to provide better
hydrophobicity. The Parylene C and Teflon combination is a common choice in EWOD devices
and has been utilized in many successful devices [33], [35], [36]. The relative dielectric
constants of Parylene C is 3.1 (Specialty Coating Systems) and the relative dielectric constant of
Teflon-AF 2400 is 2.1 (DuPont).
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In this configuration, the capacitance across the Teflon layer at the top plate is much higher than
the total capacitance across the Teflon and Parylene C layer at the bottom plate. Assuming that
the liquid is conductive and there is no voltage drop across the liquid, the voltage drop across the
Teflon layer is much lower (e.g. if 200 V is applied to a device with 100 nm thick Teflon and
6.2 um thick Parylene layers the voltage across the top and bottom layer would be 4.5 V and
195.5 V, respectively) and the contact angle change at the top when a voltage is applied is
minimal and can be neglected. The radius of curvature of the liquid in contact with the Teflon
layers when the voltage is turned on is
𝑅𝑇𝑒,𝑜𝑛 =

ℎ𝑆𝑈−8
.
−[cos(𝜃𝑇𝑒 ) + cos(𝜃𝑇𝑒,𝑜𝑛 )]

( 11 )

The contact angle change between the liquid and the Parylene and Teflon coated layer was
measured using a contact angle tool (Attension Theta) on a droplet sandwiched between plates of
the same configuration as in Figure 18. In these experiments, the sample is coated with 6.3 μm
Parylene-C and 100 nm thick Teflon. Microscope slides that are 1 mm thick are used as spacers.
The contact angle as a function of voltage is plotted in Figure 19. The theoretical analysis is
based on the Lippmann-Young equation (equation ( 4 )).
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Figure 19:

Contact angle vs. applied voltage

As shown on the graph in Figure 19, the bottom Teflon coating becomes more hydrophilic with
an increasing voltage. At low voltages the experimental result is similar to the theoretical contact
angle. At high voltages the contact angle deviates from the theoretical analysis. This is a
common effect in EWOD known as the contact angle saturation [42]. After the voltage is
reduced to zero, due to hysteresis, the contact angles return to a value that is lower than the initial
value. An applied voltage at Vrms = 170 V is required to cause a contact angle change of
approximately 20⁰.
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If an identical dielectric layer is coated onto both the top and bottom plates of the device, half of
the total voltage will be distributed across each layer and both the top and bottom would result in
a contact angle change. Using the measured contact angle change at different applied voltages,
the radius of curvature of the resulting liquid interface is calculated using equation ( 11 ). As
shown in Table 3, within the working voltage range of this device, the asymmetric configuration
can give a higher radius of curvature change under the same total applied voltage.

Table 3:

Radius of curvature change in parallel plate EWOD configurations

Symmetrical configuration

Asymmetric configuration

(Two layers of Parylene C)

(one layer of Parylene C)

Total V

θ at both top and bottom

R [μm]

θ at bottom

R [μm]

0V

115⁰

101

115⁰

101

40 V

115⁰

102

114⁰

102

60 V

115⁰

102

111⁰

108

80 V

114⁰

103

108⁰

116

100 V

113⁰

108

103⁰

130

120 V

111⁰

116

98⁰

150

140 V

110⁰

125

93⁰

177

160 V

108⁰

136

88⁰

217

180 V

106⁰

154

82⁰

305

The contact angle change was also recorded for frequencies between 1 to 10 kHz. No significant
differences were observed between different frequencies. The data is shown in Figure 20.
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Figure 20:

Contact angle at different frequencies; circles represent data for increasing voltages and
triangles represent data for decreasing voltages

3.5

Pressure drop profile across the wedged channel

The Laplace pressure profile (equation ( 5 )) as the liquid flows towards the carrier channel is
plotted against the contact line and meniscus position in Figure 21. As shown on the graphs,
when the liquid reaches the junction, it is pinned there and an increasing amount of pressure is
required to move the meniscus towards the carrier channel. The graph in Figure 21 (b) represents
the Laplace pressure as the meniscus moves towards the carrier channel with the contact line
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being pinned at the junction. The barrier pressure, the maximum point in Figure 21 (b),
represents the pressure required to push the liquid to the point where the liquid wets the side
walls of the carrier channel for the first time. At this point, the contact angle between the liquid
and the side walls of the carrier channel equals the static contact angle between the liquid and
SU-8. As mentioned before, the static contact angle for SU-8 is measured to be 73⁰ - 78⁰ on SU8 3050 using a contact angle tool (Attention Theta). However, the static contact angle of SU-8
inside channels of fabricated chips was measured to be 35⁰ - 65⁰ by identifying the curvature of
best fit for the liquid interface. The value of the static SU-8 contact angle is different for different
chips and is measured using the radius of curvature of the liquid at rest inside the channel. The
static contact angle in bonded chips is lower than that on SU-8 surfaces likely as a result of the
surface roughness at the SU-8 channel walls. A pressure drop above the barrier pressure would
cause the liquid continuously flow into the carrier channel. This pressure barrier allows liquid to
be easily stopped near the junction at a range of applied pressures.
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Figure 21:

Calculated Laplace pressure profile as liquid moves towards the junction
as a function of (a) the contact line and (b) the meniscus

When the electrode is turned on, the contact angle between the liquid and the bottom plate of the
device is reduced, which leads to a larger radius of curvature RTe,on, and as a result the Laplace
pressure is reduced. Figure 22 shows the Laplace pressure change as the contact angle is reduced
from 115⁰ to 85⁰ when the electrode is turned on. When the applied pressure is below the barrier
pressure when the electrode is off but above the barrier pressure when the electrode is on, the
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liquid will stop at the junction when the electrode is off and flow into the carrier channel when
the electrode is on. This is the working range for the applied pressure for this device. Because
there is a range of pressures that could work, even if different junctions have slight structural
differences due to fabrication limitations, it should be possible to find a common applied
pressure that would work for all the junctions in a chip with multiple junctions.

Figure 22:

Laplace pressure change due to EWOD as a function of the location of
(a) the contact line and (b) the meniscus
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When the applied pressure is below the barrier pressure when the electrode is turned on, the
liquid contact line and/or meniscus will move forward but will not start flowing when the
electrode is turned on. This is shown in Figure 23.

Figure 23:

Liquid moving forward as a result of EWOD (a) graphical data (b) images of experiment results
taken with a CMOS camera
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Chapter 4: Experiments and discussion

4.1

Experimental apparatus and methodology

The experiment setup is shown in Figure 24. Two outlets of a pressure source (Fluigent MFCS4C from Fluigent Inc, Lowell, Massachusetts) are driving the liquid and the air, which provides a
constant applied pressure difference across the liquid interface in the dispersed channel. Tubing
of appropriate size must be selected so the flow source can provide sufficient pressure. In case of
the Fluidgent, Tygon formula R-3603 laboratory tubing I.D. 1/32 in. x O.D. 3/32 in. from United
States Plastic Corp. (Lima, Ohio) was used. The liquid is 0.01 M KCl in distilled water. The
pressure source driving the liquid is applied to the air above the liquid in a sealed 50 ml
centrifuge bottle with an inner diameter of 29 mm. The change in height of the liquid in the
bottle would change the hydrostatic pressure and therefore the pressure across the liquid
interface. Using a droplet volume of 100∙10-12 m3 (the maximum droplet size recorded was
approximately 20∙10-12 m3), liquid loss equivalent to more than 50 droplets will be required to
cause a pressure change of 0.01 mbar. The number of droplets formed per experiment is always
less than 50, which implies a pressure change per experiment of less than 0.01 mbar due to liquid
loss and can be neglected.
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Figure 24:

Experimental setup

The voltage is supplied by an arbitrary waveform generator (Agilent 33220A from Agilent
Technologies, Santa Clara, California) connected to an amplifier (Trek Model 2210-CE highvoltage power amplifier from TREK Inc, Lockport, New York) with a gain of 100. The outputs
of the amplifier are connected to the contact pad of the gold electrode and the ITO at the cover
slide. Sinusoidal AC voltages ranging from Vrms = 130 V to 170 V at 5 kHz are applied. The
channel dimensions are w1 = 500 μm, w2 = 200 μm, w3 = 300 μm, h1 = 100 μm, and h2 = 300 μm
for the experimental results in this chapter. A CMOS camera (EO-1312M ½" CCD Monochrome
USB Camera from Edmund Optics Inc., Barrington, New Jersy) was placed above the junction
of the chip to record images of the experiment.

Both AC and DC voltage could drive the electrowetting effect and cause a contact angle change.
Initially experiments were done in DC voltage. Contact angle tests similar to the tests presented
in section 3.4 were done and sufficient contact angle changes were observed under DC input.
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However, when a DC voltage is applied to the electrode in the device, droplet formation did not
take place; only liquid interface displacement was observed.

4.2

Static analysis

Several static experiments were done to verify the theoretical model. A pressure is applied to the
liquid and another pressure is connected to both the air inlet and the outlet port of the chip to
form a constant applied pressure difference across the liquid interface. Images of the liquid at
different positions in the channel were taken and the applied pressures are calculated using the
radii of curvature of the liquid interface. The static contact angle of SU-8 inside the channel is
measured to be around 35⁰ for the chip used in these experiments. The channel dimensions are
w1 = 700 μm, w2 = 400 μm, w3 = 500 μm, h1 = 100 μm, and h2 = 300 μm. As shown in Figure 25,
the experiment data matches closely with the model.

Figure 25:

Static flow analysis where ΔP is calculated from liquid radius of curvature plotted as
a function of (a) the contact line and (b) the meniscus
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Figure 26:

Applied pressure vs. experimental pressure

In Figure 26, the difference between the applied pressures (∆𝑃 = 𝑃𝐿 − 𝑃𝐴 ) is plotted against the
experimental Laplace pressure calculated from the radius of curvature measurements. The rates
of change of the applied and experimental pressures are highly correlated. This supports the
accuracy of the static model.

Using the same setup, a static test was conducted by applying a pressure difference at the liquid
and recording the condition of the liquid interface before and after an AC voltage of Vrms =
170 V at f = 5 kHz. Since the applied pressures are maintained constant, the Laplace pressure
∆𝑃 = 𝛾𝑙𝑔 (

1
1
1
1
+
) = 𝛾𝑙𝑔 (
+
)
𝑅𝑇𝑒 𝑅𝑆𝑈−8
𝑅𝑇𝑒,𝑜𝑛 𝑅𝑆𝑈−8,𝑜𝑛

( 12 )

before and after the voltage is applied should be constant. From equation ( 12 ), the radius of
curvature when the voltage is applied is
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𝑅𝑇𝑒.𝑜𝑛 = (

1
1
1
+
−
)−1 ,
𝑅𝑇𝑒 𝑅𝑆𝑈−8 𝑅𝑆𝑈−8.𝑜𝑛

( 13 )

where RSU-8,on is the radius of curvature that the liquid form with the SU-8 surfaces after the
voltage is applied. RTe can be calculated from the static contact angle of Teflon. RSU-8 and RSU-8,on
were found using captured images. Using equations ( 11 ) and ( 13 ), the static contact angle of
Teflon after a voltage is applied (θTe,on) was calculated to be 87⁰ with a standard deviation of 5.8⁰.
The static contact angle of the SU-8 channel walls was measured to be 55⁰. Using these
parameters, the data was plotted with the theoretical model in Figure 27. The applied pressures
are calculated from the radii of curvature when the electrode is off. Data pairs without an ‘On’
location indicate the liquid has filled the main channel. As shown in Figure 27, when the applied
pressure is above the barrier pressure of the ‘On’ curve, liquid will fill the main channel when
the electrode is turned on. Otherwise it will just move forward.

Figure 27:

Static data (data points) vs. theoretical model (line)

as a function of (a) the contact line and (b) the meniscus

41

4.3

Dynamic flow with applied voltage

The plots in Figure 28 show a comparison between dynamic test results and the static model
presented in Chapter 3. The locations and radii of curvature of the liquid interface before and
after applying an AC voltage of Vrms = 130, 150, or 170 V are recorded. The SU-8 contact angle
was measured to be 50⁰ and the Teflon contact angle when the voltage is applied is calculated to
be 82⁰ with a standard deviation of 4.5⁰. The position of the contact line and the position of the
meniscus in Figure 28 before and after applying Vrms = 170 V are connected by a straight line. If
the liquid continues to flow into the carrier channel to form droplets, then the data is represented
as a straight line without an end point. As shown on the graphs, the dynamic data matches with
the static model closely.

Figure 28:

4.4

Location of the (a) contact line and (b) meniscus in dynamic flow tests with an applied voltage

Droplet formation frequency

Selected frames showing how droplets are formed in the device are shown in Figure 29. It was
observed that droplets formed in the device do not extend to the opposite end of the carrier
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channel. The droplets are attached to the SU-8 side wall as they flow toward the output. Droplet
size was estimated using the area covered by the meniscus inside the carrier channel before the
droplet breakup. Similar to the experimental results from the study done by Oskooei et al.,
aliquots formed in this system show some variability in size [14]. The sizes of the droplets
formed in this device are around 8-18 nL.

Figure 29:

Selected frames showing the formation of droplets
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The frequencies of droplet formation at different applied pressures and voltages were recorded
by taking the inverse of the time between the formations of two droplets in the experiments. The
mean frequency and standard deviations as a function of applied pressure are plotted in Figure 30.
The applied pressures are calculated using the radii of curvature of the liquid before the voltage
is applied. As shown on the graph, higher applied pressures and/or applied voltages will result in
higher droplet formation frequencies. This suggests that frequency can be controlled digitally by
varying the applied voltage, a feature that is not possible in the conventional flow rate driven Tjunction mechanism.

Figure 30:

Droplet formation frequency
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Chapter 5: Conclusions and future work
A device that combines a microfluidic T-junction with EWOD to form air separated aliquots on
demand was designed and fabricated. A double wedged junction was incorporated to create a
barrier pressure at the junction so that the position of the meniscus in the dispersed channel can
be controlled by the applied pressures. When the liquid is held near the junction with an applied
pressure that is within the range of the working pressure, applying or removing a voltage at the
electrode can start or stop liquid flow, respectively. Using this mechanism, air separated aliquots
that are otherwise difficult to form stably can be formed at a microfluidic T-junction.
Experimental results matched closely with theoretical expectations and demonstrated that the
droplet formation frequency is dependent on the applied pressure and there are trends showing
that it could be controlled by varying the magnitude of the applied voltage. This new droplet
formation mechanism can act as a digital valve for multi-material lab-on-a-printer inkjet printing
platforms.

In the current system, the SU-8 channel walls are hydrophilic with a static contact angle that
could vary from chip to chip. Hydrophilic walls are not suitable for a multi-material chip because
droplets could flow into adjacent dispersed channels as they flow towards the output. If a
uniform hydrophobic coating with known thickness and surface properties can be coated onto the
fabricated channels, the surface properties of the channel walls can be standardized. With
hydrophobic channel walls, it is unlikely that droplets formed will flow into other dispersed
channels.
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Aliquots formed in the current system do span the carrier channel. This could be because the
carrier channel is too wide. As a result, the generated droplets are being dragged towards the
output by the air flow due to the shear force at the surface of the droplets. Aliquots that span
across the channel will be transported towards the output with the air spacer in a plug-like
fashion instead of being dragged along, which could result in a faster and more stable flow. In
the current geometry, the width of the carrier channel is designed to be twice the width of the
opening of the dispersed channel. Channels with different width ratios should be studied.

Dielectric thickness plays an important role in this device. By using a thinner dielectric layer, a
lower actuation voltage would be needed. However, a dielectric layer that is too thin would lead
to more frequent dielectric breakdown. It was found that devices with 3 μm thick Parylene layers
would experience breakdown quite frequently and therefore this thickness is not suitable. In the
current devices, Parylene C thickness is targeted to be around 5-6 μm. But dielectric breakdown
was still observed in many fabricated devices after some experiments. Improvements to the
dielectric layer fabrication technique that would lead to a more durable layer could greatly
improve the performance and durability of the device.
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Appendices
Appendix A: Bonder parts
The following list is the parts needed to assemble the bonder in Figure 10.
-

Thorlabs MB4A - Aluminum Breadboard, 4.5" x 4.5" x 1/2", 1/4"-20 Threaded

-

Thorlabs RS2 - Ø1" Pillar Post Extension, Length=2"

-

Thorlabs RS1M - Ø25.0 mm Pillar Post Spacer, Thickness = 1 mm

-

Thorlabs RLA0600 - Imperial Dovetail Optical Rail, 6"

-

Thorlabs BA1 - Mounting Base, 1" x 3" x 3/8"

-

Thorlabs BA2 - Mounting Base, 2" x 3" x 3/8"

-

McMaster-Carr Heat-Resistant Borosilicate Glass Square, 5/8" Thick, 3" x 3" Part
number: 8476K137
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