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“That brotherhood may prevail.”
The original motto of the International House NYC
created by John D. Rockefeller Jr.
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0 Introduction
The objective of this thesis is to build a microﬂuidic actuator based on bubble streaming.
As “often” with academic engineering projects, the objective was pretty ambitious and
while a lot was achieved new questions and challenges have emerged. We will start this
report with a theoretical overview, although the whole theory in the area of
microstreaming is still not very developed. Then, we are going to present on what research the motivation of this project was based.
There are some diﬀerences, in the setups, how microstreaming was used previously and
how we used it. We will try to outline them here and relate their implications.
A large part of this thesis is related to the manufacturing process of our microﬂuidic
chips. The manufacturing was indeed the part of the thesis that used the most time. Different techniques had to be explored to achieve the high quality that our chips now enjoy.
In particular, tightening the chips was an ambitious task, but there is no way of compromise on this topic. All the manufacturing related problems that emerged could be solved.

0.1

DEFINITION

OF MICROFLUIDICS

Microﬂuidics refers to devices and methods for controlling and manipulating ﬂuid ﬂows
with length scales smaller than a millimeter. [1]
The ﬁeld of microﬂuidics has gained enormous recent attention, because of the ability of
fabricating structures in the length scale of 10 nm to 100 µm, using various photolithography processes.

0.2

TYPICAL

A P P L I C A T I O N S [1, 2]

Typical devices that are, and are to be, realized in the area of microﬂuidics are
	


	


valves	


	


	


pumps	


	


	


actuators

	


	


switches	

 	


	


dispensers	

 	


	


mixers

	


	


ﬁlters 	


	


separators	

 	


	


heaters

	


Lots of eﬀorts in microﬂuidics research aim at designing micro-scale total analysis systems (µ-TAS) for chemical or biological purposes. These systems are able to control and
to process small volumes of ﬂuids to perform chemical reactions. Another term often
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used to describe microﬂuidic systems is the term lab-on-a-chip, which is broader and
does not limit itself to analytical tasks.
0.3

ACOUSTIC

STREAMING

Exciting a bubble at its resonance frequency makes it oscillate and due to a phenomenon
called acoustic streaming, ﬂows can be generated in the immediate vicinity of the bubble.
[3] A piezo-electric transducer is used to excite the chip with ultrasonic waves. A reasonable correlation for the resonance frequency f of air bubbles in water at 1 atmosphere is
given by [4]:
f ⋅ r = 3 m/s
where r is the bubble radius. Therefore, a bubble with a diameter of 100µm should experience a maximum response, if the excitation is 60 kHz
€
To characterize the streaming ﬂow, we can calculate the streaming Reynolds number Re
deﬁned as [4]:
 ω 1/ 2
Re = ε ⋅ a 
ν 
2

where εa is the amplitude of the oscillation, ω is the angular frequency of the bubble oscillations and ν is the kinematic viscosity.
€
The oscillation of a bubble, sitting on a plane surface, is composed of a translation and a
volume oscillation, [3] as described in ﬁgure 0.1.

ﬁg.0.1 osci-ations of the bubble [4]
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Between these two oscillations a negative phase shift exists, meaning that the translation
precedes the volume oscillation. Marmottant et al have been showing that the amplitude
of the translation is much larger than the amplitude of the volume oscillation.[3] The reason for this is, following their conclusion, in the interaction of the bubble with the wall.
The wall is acting like an image bubble; this phenomenon is called the “Narcissus” eﬀect.
The bubble oscillations induce secondary ﬂows in the surrounding ﬂuid. This
microstreaming ﬂows are also called Rayleigh-Nyborg-Westervelt ﬂows and are physically
a second-order eﬀect of the nonlinearity in the Navier–Stokes equations.[6] The diﬀerence between the ﬁrst order ﬂows and the secondary ﬂows is that, the ﬁrst order ﬂows
are oscillatory (back and forth motion, distance on the order of the interface vibration),
while the second order ﬂows are steady (the particle loops along a large distance).[4] The
streaming ﬂow pattern around the bubble can be simulated using the theory of Stokes
ﬂows as the Reynolds numbers are small. A detailed derivation is given by Marmottant
and Hilgenfeldt. [5] According to their analysis, the sign of the phase shift determines the
direction of the ﬂow. The following ﬁgure (ﬁg. 0.2) describes the numerical results form
such an analysis.

ﬁg. 0.2 Simulation of microstreaming around a bubble based on Stokes ﬂow, based on [5]
In this thesis are some major diﬀerences, compared to the above-described theory. First
in our microﬂuidic chips, the bubble is not sitting on a wall. In fact people were very often using a cavity ﬁlled with water in which air bubbles had been deposed.[4,5] In this
project, micro-channels and T-junctions serve us to position an air meniscus at the crossings of channels. The possibility to change the radius of the bubbles is given by changing
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the inﬂation of the meniscus. Furthermore, our channels have a rectangular shape and all
structures are in one plane, since a molding technique is used to produce the chips.

0.4

U LT R A S O N I C

AC T UAT I O N I N A M I C RO F L U I D I C

CHIP

The designs that were used in this thesis are based on the experiences of Xu and
Attinger.[7] Their study describes how to design the T-junction so that bubbles do not
collapse. This requires small peaks at the edges of the air channel.
The peaks are 20µm height. On the bubble side, the peak consists of a straight extension
of the side-channel and on the ﬂank it has an inclination of 45°.

ﬁg. 0.3, sma- 20µm peaks with a ﬂank angle of 45° stabilize the meniscus
As shown, in ﬁgure 0.3, the peaks prevent the bubble from spreading above the edges of
the side channel. Thanks to the peaks, it is possible to produce diﬀerent bubble radiuses
in one channel. It also adds a lot of robustness to our bubbles. So, small pressure diﬀerences don’t make the bubble collapses into the main channel.
The study of Xu and Attinger is the direct predecessor of this project.[7] The next picture (ﬁg. 4) shows a typical chip form their study.
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ﬁg. 0.4, Typical microﬂuidic chip of Xu and Attinger. [7]
It is composed of a large chamber (E) and 4 channels (A, B, C, D) connected to it. (F) is
an interconnection needle and D is a clap that holds the chip together. Through channel
D an air meniscus is pushed to the chamber.
That air meniscus is actuated with a piezo electric transducer. The piezo (not shown in
the above picture.) in this setup is molded in PDMS and this additional layer is positioned so, that the piezo is right on top of the chamber and thus very close to the air meniscus. In this setup strong microstreaming was found at a frequency of 150kHz.(ﬁg. 0.5)
The ﬂow speed has been determined at a position A, shown in ﬁgure 0.6.

ﬁg. 0.5, ﬂow speed at a position A

ﬁg. 0.6, the meniscus and location of A [7]
A: x= 120µm z= 50µm [7]
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0.5

M O T I VAT I O N

In this thesis, we would like to use microstreaming as an actuator. We know that there is
a correlation between the resonance frequency of an air bubble in water and the radius of
that bubble.[4] Also, we know that an air meniscus can be actuated in a PDMS chip.[7]
The thesis is subdivided in 3 parts. The ﬁrst part is the design of our microﬂuidic chips.
Second comes the fabrication process of these chips and third the characterization of the
microstreaming. (ﬁg. 0.7) The three parts in which the report is subdivided were strongly
interconnected. Findings in one area often required adaptations in other areas.

Design

Framework

Fabrication

Characterisation

ﬁg. 0.7, Framework

Some Milestones were deﬁned at the beginning of the project:
	


1. Learning of the required tools to build microﬂuidic chips.

	


2. Build and test ﬁrst chips.

	


3. Optimize the chips, both the fabrication and the microstreaming.

	


4. Characterize the microstreaming

	

	

	


5. Propose and build an actuator. (If possible, the device should work on the 	

 	

principle of selectively actuating bubbles simply by changing the actuation 	

 	

frequency.)
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1 Design
The method to manufacture a microﬂuidic chip[2] involves the following steps: (1) The
geometry is designed in a CAD software. (2) The design is printed on a transparency. (3)
Using photolithography the structure is then generated on top of a silicon wafer. (4) Liquid polymer, in our case PDMS, is pulled over the structure. The polymer solidiﬁes and
this produces an inlet of the structure in the polymer layer. An additional cover layer is
then used to close the imprints.[2] We want to refer to the fabrication section of this report for details on the fabrication process, which also includes all the problems related to
the manufacturing especially the diﬃcult task to seal the chips.

1.1

FIRST

G E N E R AT I O N D E S I G N S

The ﬁrst design features a main channel with a width of 200µm and several side channels
with widths between 40 and 200 µm. (ﬁg. 1.3) It was expected that once this structure
could be build successfully, it would oﬀer us enough information on how to improve second generation chips, or in the best case how to come up with an idea to build an useful
actuator.
Once this structure is molded in polymer, it is closed with a cover layer, that can be
either of the same material as the chip, or of an other material. The piezo is either
molded in the cover-layer (ﬁg. 1.1) or mounted on top of it (ﬁg. 1.2).

ﬁg. 1.1, assembled chip with a piezo molded in
PDMS

ﬁg. 1.2, Chip closed with a microscope slide
and a piezo glued on top of it
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ﬁg. 1.3, 1st generation design

ﬁg. 1.4, 3D i-ustration of a T-junction

There were problems to built up stable menisci in larger channels, namely 150µm and
200µm channels, in both 15 µm and 50 µm height structures. (ﬁg. 1.3) Also the sealing of
the chips was not reliable during these ﬁrst experiments, so that today with a bonded
chip this might be possible. The decision was made to not further use these broader
channels.
A possible reason for this might have been the ratio between the channel width and the
channel height. For instance, there are only peaks in the y-z plane to hold the meniscus
and there is nothing to hold the meniscus in the x-y planes. (ﬁg. 1.14)
Once we had reached a suﬃcient level of quality in the manufacturing, we started to actuate the menisci with ultrasound.
Other designs of the ﬁrst generation involve.

ﬁg. 1.5, design 1

ﬁg. 1.6, design 2

long channel with width 40 - 200 µm

circular chamber with a diameter of ...
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ﬁg. 1.7, design 3

ﬁg. 1.8, design 4

square chamber

semi-circular chamber with 5 100µm channel
separated by 100µm

Design 1 (ﬁg. 1.5) was designed to analyze how microstreaming would behave in diﬀerent
channel widths. Design 2, 3 and 4 (ﬁg. 1.6, 1.7, 1.8) all consist of a large chamber and were
designed for mixing applications. The ultrasonic source, a piezo electric transducer, was
always positioned very close to the main channel, or just next to the mixing chamber.
Early experiments, with the designs 2, 3, and 4, showed that it is much more complicated
to handle menisci in chambers, than in long channels with T-junctions. Designs 2, 3 and 4
all had the problem that once the position of a meniscus would be changed, it would inﬂuence the positions of the other menisci. Since the sealing of the chips could be improved a lot, it should today be possible to handle menisci also in chambers without the
problems of those early days. Also, it was not possible to ﬁll design 3 and built up 4 menisci, because that would have required to inject exactly the right amount of water in the
chamber.
Microstreaming was observed in these designs, but the intensity was very low, only a fraction of what is described by Xu et al [7]. (section 0.4)
1.2

W AT E R

CHAMBER

Based on the assumption that the meniscus is driven by the pressure waves traveling
through the water, a water chamber was added to our designs in order to enhance the intensity of our streaming. (ﬁg 1.9)
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ﬁg. 1.9, Water chamber with rounded edges

The water chamber consists of a rectangular shaped area with a size of 2.6 x 4 mm with
rounded edges to prevent air enclosures in the corners of the chamber. Having this large
area, compared to the small height of the structure, posed sometimes problems when
closing the chip with a PDMS cover-layer. The cover-layer is put on top of the structure
layer and then both layers are put between two plexiglass plates, so the layers are pressed
together using screws. Since our layers were made of an elastomer, they were compressed.
When using a structure height of only 15µm the cover layer would touch the bottom of
the chamber and thus prevent the ﬁlling with water.
That was the reason, why the use of structure heights below 50µm was discontinued. The
introduction of the resonance chamber enhanced the streaming intensity.
Another issue was that the quality of the streaming varied a lot from chip to chip, probably because of the position of the piezoelectric actuator. When using a water chamber
the piezo was always place right on top of the chamber, but since the piezo was molded
in PDMS, there was a varying height ﬁlled with PDMS between the microchannels and
the piezo.
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ﬁg. 1.10, Design 5

ﬁg. 1.11, Design 6

Adaptation of design 1

water chamber simulated by a punch-hole

While doing experiments with design 5 (ﬁg. 1.10), the assembly of our chips was changed.
The PDMS-cover layer was replaced by a microscope glass-slide, bonded to the PDMS.
The exact bonding process is described in the fabrication section. With the glass-slide
now bonded to the PDMS, the piezo is glued on top of the glass-slide. Since the bonding
is very strong, there was no further need to press the structure together. This also guaranteed that the channel height was not reduced due to the external pressure that kept the
diﬀerent layers together.
Before moving to a ﬁnal generation of chip designs, we wanted to gain further knowledge
about the microstreaming physics. Design 6 (ﬁg. 1.11) was selected, a layout that was done
at the very beginning of the project. The water chamber was simulated by simply punching a hole, in the PDMS. The piezo was then put right on top of this chamber.
The design was manufactured three times, but it always showed symptoms of leaks,
which expressed in very bad control and stability of the menisci. It was unclear at that
time what exactly was going wrong. Diﬀerent assumptions were made: complexity of the
design, quality of the bonding, quality of the external connections... The mystery was
solved later, when we were working with newly designed second-generation chips. The
bonding process, involves a plasma exposure step, which makes the PDMS hydrophilic
and degrades the control of the menisci. The phenomenon is described in detail in the
fabrication section. In any case, a second generation of chips, with simpler geometries,
was manufactured and their design is describes below.
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1.3

S E C O N D - G E N E R AT I O N

DESIGNS

The second-generation chips consist of a long channel and three side channels that are
positioned next to each other. This was basically a simpliﬁcation of design 1 and 5, which
were the most successful. The objective was to observe how bubbles would interact.
Some variations of this layout were designed, combining diﬀerent channel sizes with different sizes of the gap between the channels. Design 7 (ﬁg. 1.12) was the ﬁrst one build
form the second-generation designs. The objective was to observe how several bubbles
would interact and how their streaming pattern would combine.

ﬁg. 1.12, Design 7

ﬁg. 1.13, Design 8

Three 100 µm channels separated by a 100µm
gap

50, 75, 100 µm channels separated by a 200µm
gap

In design 8 (ﬁg. 1.13), we expected to ﬁnd streaming frequencies, were it is possible to actuate one meniscus, without too much actuating the neighboring menisci. This should have
enabled us to do selective actuation. i.e. a single piezo would drive several bubbleactuators selectively, depending on the vibration frequency. The rationale behind this hypothesis is that the natural frequency f of a bubble in an unbounded ﬂuid is
f ⋅ r = 3 m/s
and where r is the radius.
€
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2 Fabrication
In this thesis, the chips are made of polydimethylsiloxane (PDMS) devices. PDMS oﬀers
a way to rapidly and economically build prototype microﬂuidic devices, according to a
technology developed in the Whitesides Group at Harvard University. [2] The fabrication
process begins by designing a 2D shape of the later structure in a CAD software (AutoCAD). (ﬁg. 2.1)

ﬁg 2.1, AutoCAD Design of design 1
The design is then printed with a very high-resolution laser printer, 20’000 dpi, on a
transparency. For this the services of CAD/Art Services Inc were used. Using photolithography the negative designed structure (master) is build on a silicon wafer using a
photoresist. Liquid PDMS is poured over the master and a mold is produced when the
PDMS becomes hard.
The PDMS is then lifted of the wafer. The standing structure on the Si-Wafer has then
produced inlayed structures in the PDMS cast. The master can be reused several times.
By sealing the top of the PDMS structure, with a PDMS- or a glass slide, a microﬂuidic
chip is produced.[8]
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2.1

M A S T E R- P RO D U C T I O N

SU-8

USING

2015

SU-8 is an epoxy based negative photoresist. It was developed in 1996, in a joint project
of EPFL and IBM-Zurich, for MEMS applications. [9] In this thesis Microchem’s SU-8
2015 and SU-8 50 are used to produce structure heights around 15µm and 50µm respectively. SU-8 2015 is part of the 2000 series of SU-8s, which are newer and need only reduced baking times compared to the older SU-8s. First the process is going to be described using SU-8 2015. The following chapter gives a description how the process needs
to be adapted for the use of SU-8 50.
The production processes for the masters were all done in the cleanroom of Columbia
University.
It is imperative that the wafers are absolutely clean. Even small residues of dirt, can jeopardize the whole
process. The wafers are cleaned by a rinse of IPA, a rinse of acetone and dried with the N2-gun. Then the
wafer is heated for 10 min at 200°C to evaporate any residues of humidity and cooled down under a stream
of Nitrogen, using the N2-gun to prevent any condensation.

Step 1: Spin-coating and softbaking SU-8 2015
A CEE Brewer 100 resist spinner was used to do the spin-coating. A clean wafer was put on
the spinning chuck and SU-8 resist was deposed in the middle of the wafer, so that it
covered about half of the wafers’ surface. The deposition was done using a disposable
plastic pipette. The following spin-coating parameters were used according to the product description of Microchem [10].

V

MAX (

RPM)

RAMP

(

RPM/S)

TIME

STEP

1

500

100

10

STEP

2

3000

300

30

(S)

Or as a time-velocity diagram (ﬁg. 2.2):
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3’000 RPM
2’500 RPM
2’000 RPM
1’500 RPM
1’000 RPM
500 RPM
0 RPM
0s

5s

10 s

18.33 s

40 s

ﬁg 2.2, spinning velocity versus time for SU-8 2015 with target height 15µm
The resist then is covering the whole surface of the wafer as a uniform ﬁlm. The target
height of the later structure was 15 µm.
The ﬁlm was then soft-baked, using a normal heating plate. The baking time varies with
the formulation of the SU-8 and the target height. In our case, for a target height of 15
µm and using SU-8 2015 the baking parameter were 3 minutes at 95°C in accordance with
the Microchem’s recommendation.[10]

SOFTBAKING

3 min @ 95°C

Step 2: UV exposure and post-exposure bake
SU-8 is a negative resist, which means, that areas that have been exposed to UV light will
be developed to form the later structure. Microchem proposed an exposure energy of 140
mJ/cm2, which is equivalent to an exposure time of 23 s with the Karl Suss MJB3 Mask
Aligner that was used. A long pass ﬁlter (omegaﬁler PL360-LP) with a cutoﬀ wavelength
of 350 nm was used in order to have sharper walls. [private communication with Microchem technical support] With his ﬁlter, the exposure time has to be adapted.
A transparency is used to project the shape of the structure on the resist ﬁlm. Since a
negative photoresist is used, the transparent areas will form the later structure. The following ﬁgure, ﬁg 2.3, describes the setup of layers.
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1. The mask is put on the glass-plate and ﬁxed with a bit of tape. The glass plate’s only
function is to mechanically support the transparency. It is important to mount the mask
with the printed side towards the wafer. The glass plate is then mounted in the mask
aligner.

UV-light

UV-light

long pass filter
glass plate

long pass filter

mask

wafer with resist

glass plate
mask
wafer with resist

ﬁg 2.3, setup of layers for UV-exposure

2. The wafer is also mounted in the mask aligner and can then be lifted towards the mask.
It is very important that the wafer and the mask are in ﬁrm contact.
3. The ﬁlter is then put between the UV light and the glass plate.
4. The exposure time is entered and the exposure process proceeds.

An exposure time of 36 s was found to be necessary, to produce sharp walls as can be seen
on the following images (ﬁg. 2.4, 2.5). During the second part of the project Microchem
changed its guidelines for Su-8 2015 and now the guidelines recommend an equivalent of
31 s when using a ﬁlter. [10]
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ﬁg 2.4, Exposure Time: 23 s

ﬁg 2.5, Exposure Time: 36

no ﬁlter

with the long-pass ﬁlter

After the exposure, another bake is necessary. It is commonly called the post exposure
bake and the time of the baking procedure is 4 min at 95 °C for SU-8 2015 with a target
height of 15 µm.[10]

4 min @ 95°C

POST EXPOSURE BAKE
An image of the mask becomes visible during this process.

Step 3: Development
The SU-8 developer of Microchem was used to dissolve unexposed regions. A dish is
ﬁlled with it and the wafer is put in the puddle. The development time is 3 min for a target height of 15 µm.
Half a minute before the end of the development time the dish is gently agitated, to
completely remove all none exposed areas of SU-8. After this bath, the wafer is rinsed
with IPA (Iso-propanol-alcohol) for ten seconds. If the development isn’t complete, a
white ﬁlm will form on the wafer. The wafer can then be put back in the developer bath,
until all the none exposed parts of PDMS are dissolved.
2.2

M A S T E R- P RO D U C T I O N

USING

SU-8

50

If SU-8 50 is used certain adaptations in the process have to be made. First the spincoating parameters for a target height of 50 µm according to the manufacturer are (ﬁg.
2.6): [11]
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V

MAX (

RAMP

RPM)

RPM/S)

(

TIME

STEP

1

500

100

10

STEP

2

2000

300

30

(S)

2’000 RPM
1’500 RPM
1’000 RPM
500 RPM
0 RPM
0s

5s

10 s

15 s

40 s

ﬁg. 2.6, spinning velocity versus time for SU-8 50 with target height 50µm

The soft-baking procedure for SU-8, in accordance with Microchem[11], is:

SOFTBAKING

6 min @ 65°C
20 min @ 95°C

An exposure time of 1 min was found to produce sharp walls. (ﬁg. 2.7) This corresponds to
an energy exposure of 365 mJ/cm2. No long-pass ﬁlter is needed. This value is diﬀerent
form the recommendation of the manufacturer and was found using trial and error. This
was needed, since the manufacturer’s recommendation [11] did not produce sharp walls.
The post-exposure bake is:

POST EXPOSURE BAKE

1 min @ 65°C
5 min @ 95°C
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The development-time accounts for 6 min in Microchem’s SU-8 Developer and is followed by a 10s rinse with IPA (Iso-Propanol-Alcohol).

ﬁg 2.7 Microscope-image of a Su-8 50 structure (height 50µm)

2.3

P O LY M E R- C H I P S

PDMS (Polydimethtlsiloxane) is an inexpensive, ﬂexible and optical transparent elastomer. Dow Corning’s Sylgard® 184 Silicone Elastomer kid ,composed of a base liquid
and a developing agent, was used in this project.

Fabrication of the PDMS chip
The master, whose production was explained in the previous chapter, is mounted in a
small glass dish. Mounting wax was used for this purpose, which creates two consequences. First, a limitation on the maximum heating temperature later in the process, because the wax could melt. But on the other hand, and this is the second consequence,
since the wax can be melted, it is possible to recover the chips form the dish. The wax is
also solvable in acetone, although it is a mess to do it, because a lot of acetone is needed
and the master will be covered with a ﬁlm of wax. So many more rinses with acetone are
needed.
The PDMS base and developer were mixed together in a volumetric ratio of 10 units of
base to 1 unit of developer. Good stirring is an absolute necessity. The mixture then needs
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to be degassed, to remove any air bubbles that were introduced during the stirring process. For this purpose a vacuum chamber was used to suck out these air bubbles. The degassed liquid PDMS is pulled over the master so that the structure is molded in the
PDMS. Some free space is needed, to later connect the in- and outlet needles. Small
pieces of soft-tube with a length between 3 and 6 mm are cut from a long teﬂon tube.
The ends of the tubes are closed with knots. The tube is then introduced in the liquid
PDMS at the according positions.
The PDMS is heated for 1 hour at approximately 80 °C. The development time could be
shortened by using a higher temperature, but as explained before, the melting temperature of the wax needs to be accounted for.
The chip needs to be closely monitored during the ﬁrst 15 to 20 minutes of the heating
process. The heating produces some movement in the liquid and the soft-tube pieces
tend to ﬂow around, so that they need to be repositioned. As soon as the viscosity of the
liquid reduces the tubes stop ﬂoating.
After the PDMS is soliﬁed, it is removed form the hot-plate. The dish is cooled down by
ambient air and the PDMS structure, including the soft tubes, was cut out. The PDMSlayer can then easily be lifted of.
The soft-tubes still need to be connected to the microchannels. This connection is made
by a hole, using a hand-held puncher. (ﬁg 2.8) The knots are punched out and thus the
connection is made to the underlying structure.
punch-hole

PDMS

soft tube
Structure

ﬁg. 2.8, Connection to the microstructure
The PDMS-chip was then ﬁtted to its ﬁnal shape. During this step, the other knot is also
removed. This is done again using a razor-blade or a scalpel.
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2.4

SEALING

THE CHIP

To close the structure, an additional layer, of either PDMS or glass, is put on the microstructure. Furthermore, the reverse side of the chip also needs to be closed in the same
way, since otherwise the punch-holes could leak there. Diﬀerent arrangements were tried
to ﬁnd a method that best ﬁtted our requirements. In brief, our goals were to make sure
that:
• 	


the chip is absolutely tight to ensure good control over the menisci.

• 	


and that the piezo is positioned as near on the structure as possible.

The simplest way to do this, is to put ﬂat cover-layers of PDMS on both sides of the cast
and press the whole structure together using for example two plates of plexiglass and a
few screws. This method is working for structure heights above 50µm, but it is not working for smaller structures, as for example the 15µm that was also used during this project.
Since PDMS is elastic, it is compressed, which results in blocking the channels.
Also, a fundamental problem of this method is, that even if the PDMS was pressed together water may still have penetrated between the PDMS layer and once a certain critical pressure was toped, control over the chip got lost and the whole experiment failed.
Since it was impossible to tighten the screws as much as it would have been required, an
additional pressure layer was used between the plexi-glass layer and the PDMS-bottom
layer. The pressure layer simply consisted of simple stripes of thin paper. This resulted in
a smarter pressure distribution over the chip. The setup is described in ﬁgure 2.9.

Plexiglass
Piezo-layer

Piezo

Structure
Hole

PDMS structure layer

rubber tube

Plain PDMS layer
Pressure layer

ﬁg. 2.9 setup of a none bonded PDMS chip

The above technique worked, but the reliability was limited. Due to that the decision was
made to bond the chip. In a bonded chip the structure layer is closed by a thin PDMS
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cover-layer and a PDMS bottom-layer.(ﬁg 2.10) The bottom layer is necessary to prevent
leaks form the holes. The layers are irreversibly bonded to the PDMS structure layer.
Bonding limits the ability to clean the chips which is the major problem regarding this
technique. Since the ﬂuoresced particles (1µm polymer spheres from Duke Scientiﬁc),
that were used, tend to stick to the PDMS. This meant that the chip became dirty after
some time in use.

Plexiglass
Piezo-layer
PDMS cover-layer

Piezo

Structure

PDMS structure layer

Hole

rubber tube

PDMS bottom-layer

ﬁg. 2.10, setup of a bonded PDMS chip

Bonding PDMS to PDMS
Literature tells us, that there are two basic ways to irreversibly seal PDMS chips. [2]
1. Using O2 plasma exposure
2. Changing the mixing ratio of PDMS base and developer.
The second proposed technique was used and it was found that a minimum excess between developer and base of 20% is required.
Usually PDMS is mixed using 10 volumetric units of base and 1 volumetric unit of developer. 20% meant in our case:

BASE

DEVELOPER

L AY E R

1

10 Units

0.8 Units

L AY E R

2

10 Units

1.2 Units
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Realization of bonding using O2-plasma was not tried for PDMS on PDMS, but a procedure can be found in the work of Bhattacharya et al. [12]

Production of thin PDMS-cover-layers.
The PDMS-cover-layer is a thin ﬁlm that closes the structure. The height of this layer
could be lowered up to 200µm, without using spinning technology. For that, a petri-dish
is taken and a plain microscope glass slide is glued in it. 3 ml of PDMS are prepared by
mixing the base and developer according to the ratios that were required and are given in
the previous chapter Bonding PDMS to PDMS. The ratio depends on the ratio used in the
other layer when bonding through mixing ratios is used.
The mixture is degassed and is then pulled over the glass-slide. Then, the petri-dish is
turned so that the liquid PDMS covers the whole slide and ﬂows every-where over the
edge of the glass-slide. The PDMS is put on the hot-plate for 1 hour at 80°C. During that
time the PDMS further ﬂows of the glass slide.
Finally, the PDMS ﬁlm is cut above the glass-slide and peeled of with tweezers. Then the
ﬁlm is immediately put on top of the structure layer. It is a bit tricky to prevent air enclosures between the two layers, but with a bit of practice it is possible.

The piezo-electric transducer
Ring-shaped piezo electric transducers (PZT, hereafter piezo) are used with a height of
2mm, an external diameter of 10 mm and an internal diameter of 5 mm. The fundamental
way in which piezos are working is, that if an electric ﬁeld is laid over a piezo it expresses
in a small expansion of the piezo. So when actuating the piezo with a periodic signal,
small expansions and contractions are produced and thus small pressure waves are released to the underlying structures.
The top and the bottom side of the piezo are covered with a layer of silver to connect the
voltage. There was a very thin oxid-layer yet above the silver layer that can be scratched
using a scalpel.
As the chip should be as ﬂat as possible, the wires were not directly soldered on the piezo
but a thin piece of copper was added between the two as shown in the ﬁgure 2.11.
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Copper
Wire
Piezo

Solder

ﬁg. 2.11, wiring of the piezo
During the early experiments, this whole structure was molded in the PDMS-chip. When
using a none bonded chip (layers have not been connected using a specialized bonding
treatment), a PDMS layer, including the piezo, was at the same time the cover to close
the structure. With bonded chips, a thin cover layer was added between the PDMS
structure layer and the piezo layer. The cover layer was then bonded to the structurelayer. The piezo-layer was not bonded to the rest of the chip, because this would have
meant using 1 piezo per chip and it would not have allowed us to change the piezo’s position.

Bonding PDMS to glass
Since the intensity of the microstreaming in the observed chips that were produced according to the above description, did not reach our expectations (section 0.4), it was decided to glue the piezo on a thin microscope glass-slide and close the structure with
this.(ﬁg. 2.12) It was expected that this would bring enough energy in the chip so that
stronger streaming would develop. Our reasoning was that PDMS, as an elastic material,
would dam the sound waves.

Piezo

Microscope glass-slide

glue

Structure
Hole

PDMS structure layer

rubber tube

ﬁg. 2.12, setup of PDMS chip, sealed by glass-slides

Bonding PDMS to glass can be done using O2 Plasma exposure.
A procedure to bond glass to PDMS can be found in the study by Shantanu Bhattacharya
and colleagues. [12]
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The most critical step in bonding PDMS chips to glass is the prior cleaning. The glass
and the PDMS layer were put in an ultrasonic acetone bath for 5 to 10 min and later
dried under a N2 gas stream.
Then, an Oxygen-plasma-asher (Technics Series 800 RIE) was used. The PDMS layer and
the glass layer are put in the plasma device. The sides that are to be bonded are turned on
top, so that they can be exposed to the plasma. The plasma chamber is ﬁrst emptied of all
air. Then oxygen is released in the chamber until a pressure of 500mT is reached. The
other plasma exposure parameters are 35 Watts RIE power for 30 seconds.

PLASMA
500 mT

O P E R AT I N G S E T T I N G S

30 - 35 Watt

30 s

The exposed side of the chip and of the glass are then put in ﬁrm contact for 1 - 2 minutes using two ﬁngers and soft pressure. Then, this procedure has to be repeated to close
the backside of the chip, since otherwise the punch-holes could leak there.
2.5

EXPERIMENTAL

SETUP

Needles are introduced in the soft-tubes to make an external connection to the microstructure.
The microﬂuidic chip is then positioned in an Olympus IX 71 inverted microscope. The
chip is immobilized using metal clips as shown in ﬁgure 2.13.

ﬁg 2.13, Microﬂuidc chip mounted in the microscope
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Hard-tubes were connected to the needles. They have the advantage that they don’t deform when higher pressure is used on the syringes. This should give a higher level of control over the air menisci.
With the inverted microscope, our experiments could be observed by using transmitted
halogen light, but there was also the ability to switch to ﬂuorescence mode. In this mode,
mercury light is used in a direct illuminating conﬁguration.
An Agilent 33220A wave-generator is used. The wave-generator is connected to an Ampliﬁer, Krohn-Hite Model 7600 M Wide, and then to the piezo. With this setup the
piezo can be actuated with voltages up to 210V. In all our experiments, square waveform
were used. A test signal, with a frequency of 8 kHz, can be send to the piezo and we can
hear if the piezo works correct.
One micron ﬂuorescent spheres (Duke Scientiﬁc) were diluted with deionised water and
then the solution is infused in the chip. The ratio that was used, was one drop of particles
for 2 ml of water. A syringe pump (KDS 210) with a mass ﬂow rate of 0.01 ml/min was
used to infuse the suspension. In ﬂuorescence mode the particles reﬂect a lot of light and
could be observed as bright green spots through the microscope. Although velocity
measurements were not possible in ﬂuorescence mode since our camera was not optimized for ﬂuorescence light. So the halogen light was used for high-speed movies. The
particles were then visible as simple small black dots.

Filling the channels and handling Menisci
The best way to ﬁll the main channel with water and the side channels with air is, to ﬁrst
close the side channels. That means that a 1 ml syringe was connected to each side channel. A syringe pump with a ﬂow rate of 0.01 ml/min is used to infuse water in the main
channel. It is important that the other side of main channel remains open so that the air,
that is displaced by the infusing water, can escape. The infusing water would only minimally ﬂow in the side channels, if they are tight. Once the main channel is ﬁlled with water, the syringe pump is stopped. The syringes that are connected to the side channels can
now be used to bring the air menisci up to the intersection with the main channel. This
can be done manually without a syringe pump. Thanks to the small peaks at the edge of
the side channel, the bubble is able to withstand a certain pressure without collapsing in
the main channel.
There is one side eﬀect regarding the plasma exposure. It makes the PDMS surface hydrophilic and that is a major problem for handling menisci. The problem is described in
more detail in the next chapter.

Characterization and design of microstreaming actuators for microﬂuidic chips	


30

Hydrophilic PDMS surfaces
PDMS surfaces can be made hydrophilic by exposing them for a short period to oxygen
plasma.[2,12] This surface altering is not stable but the PDMS needs sometime to regain
its hydrophobic character. Hydrophilic surfaces make the chip useless for us, since all
PDMS surfaces are completely wetting and air loses its ability to dewet them as in hydrophobic chips. The consequence is that water-air menisci are not stable. The air is almost ﬂoating through the channels. (ﬁg. 2.14)

ﬁg. 2.14, ﬂoating air in a micro-channel
Since the channels have a rectangular cross-section and the water is so well wetting the
surface of the PDMS, tunnels are in fact built that allow ﬂow around the bubbles. The
pictures below (ﬁg 2.15, 2.16) show, how particles stream out of the tunnel.
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ﬁg. 2.15, an air and water interface in a hydrophilic channel

ﬁg. 2.16, particles streaming out of a tunnel

The air apparently is not in contact with the PDMS surfaces, but it is in contact with the
glass surface. So there are no tunnels on the topside of the chip. (ﬁg. 2.17)
Channel cross-section

Air

Water-tunnels

ﬁg. 2.17, water tunnels in a hydrophilic channel
Using ﬂuorescence, it was possible to visualize the traveling particles in the tunnel. In the
below picture (ﬁg. 2.18), the traveling particles can be seen as green lines. An exposure
time of 200 ms was used, so that the light, that the particles reﬂect, is integrated over
this time. The very bright dots are particles that stick on the PDMS surface.
The tunnels prevent us to control the position of the bubble, since it allows the water to
balance pressure diﬀerences across an air bubble. If the pressure increases on one side of
the bubble, the bubble does not necessarily move, since the water knows a way around
the bubble. But by further increasing the pressure, over a certain critical point, the air
will suddenly begin to move to the channel, and it will ﬂoat around until a new equilibrium is established or it ﬁnds out of the chip.
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ﬁg. 2.18, moving particles in a tunnel
Also, the peaks at the junction of a side-channel and the main-channel become useless,
since the bubble cannot withstand any pressure by simple deformation. It is simply collapsing into the main channel.
Literature suggests that the hydrophilic character of PDMS can be maintained, if the
surface is wet.[2] Once this behavior is realized in a chip, the surfaces are already wetted.
Since the wettability is so high, it is not possible to simply suck out the liquid of the chip
using a syringe since the surfaces are not dewetted by air. So it basically means that one
has to wait, ﬁrst that the surfaces dry and then that the surface alters its character again.
The tunnels brought a lot of delay in this project because the symptoms of bad control
are similar to the once in a leaking chip. So some chips were mistakenly declared failed
because of the tunnel phenomenon. It can take up too 2 days until a chip shows hydrophobic character again.

Characterization and design of microstreaming actuators for microﬂuidic chips	


33

3 Characterization
Signiﬁcant progresses were made in comparison to the earlier work by Xu and
Attinger.[7] First, diﬀerent streaming patterns could be observed. Second, streaming occurred over a wide range of frequencies and the streaming amplitude peaked at several
frequencies while only one of those resonance frequencies could be associated to the geometry of the channel. Further the deformations of the bubble surface were analyzed and
a certain similarity could be observed between the meniscus motion and the
microstreaming patterns. Last, the combination of microstreaming patterns was examined.
3.1

STREAMING

PAT T E R N S

This section describes the types of streaming that were observed.
Double vortices streaming
The most common manifestation of bubble microstreaming is shown in the below picture. (ﬁg. 3.1) Two vortices are turning in opposite directions. The particles move from
the sides towards the bubble. They are accelerated towards the axis of symmetry of the
bubble and are then pushed towards the wall opposite of the bubble. The particles are
then making a turn back towards to the side of the bubble. In other words, the ﬂow direction is clockwise for the bubble on the right and counter-clockwise for the bubble on
the left. The maximum speed can be found in the direct vicinity of the bubble. The
streaming direction is almost always in the above-described direction, but occasionally
the reverse ﬂow direction was observed.

ﬁg. 3.1, Double vortex steaming pattern
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Single vortex streaming
During the thesis a second streaming pattern was observed. It consists of a single vortex
sitting on top of the meniscus and is occupying a space comparable to the double vortex
streaming in the previous chapter. (ﬁg. 3.2) The single vortex ﬂow is asymmetric since it
has a preferential direction. It could not be determined why the vortex is turning in a
particular direction, but it might be related to the relative piezo position.

ﬁg. 3.2, Single vortex streaming pattern
The single vortex streaming pattern could be observed in channels with widths 40, 50
and 100 µm in a design 5 chip with a height of 75 µm. The phenomenon did not appear in
the 66 µm channel. In fact asymmetric streaming was never observed in channels were
the height and the width were very close.
Typical excitation frequencies that generate single vortex streaming are:
Channel Width (µm)

Resonance Frequency (kHz)

50

17.5

100

18

The following ﬁgures show, how a modiﬁcation of excitation frequency changes the type
of streaming patterns. The same chip, design 5 with a height of 75µm was used.
At a frequency of 28 kHz the double vortex streaming pattern is observed at its maximum intensity. (ﬁg 3.3)
Characterization and design of microstreaming actuators for microﬂuidic chips	


35

ﬁg. 3.3, microstreaming pattern at 28 kHz
At lower frequencies the new pattern is formed. Here for the case of 18 kHz. (ﬁg. 3.4)

ﬁg. 3.4, microstreaming pattern at 18 kHz
Further reducing the excitation frequency changed the direction, form clockwise to
counter-clockwise, and reached a maximum velocity at 13 kHz.
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Excurse: Reverse streaming
A reversal of the ﬂow could be observed in a chip of design 8 with a height of 95 µm and a
width of 50 µm.

ﬁg. 3.5, Flow ﬁeld for reverse streaming
The streaming had a velocity of 61 µm/s at the location v (ﬁg. 3.5), 35 µm above the meniscus and the excitation frequency was 168 kHz with an excitation voltage of 210V. This is
very low compared to the velocities that can be reach at this position when the streaming
is turning in the other direction. It is not known, what made the ﬂow reverse. It might
have had some thing to do with the inﬂation of the bubble. The meniscus was relatively
ﬂat but the explanation to this phenomenon lies maybe in the plane vertical to us. It is
not known how the wetting angles of the meniscus versus the glass and the PDMS
looked like. In a later experiment, using the same chip, the ﬂow was again turning in the
usual direction, with a velocity of 36µm/s, also measured at position v.
When this ﬂow reversal was found, the frequency was changed to 19 kHz, which is near a
resonance frequency for this meniscus. The streaming at this frequency was turning in
the usual way with a velocity of 210 µm/s. So the direction of the streaming could be
changed, by changing the frequency.
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3.2

BUBBLE

S H A P E V S. S T R E A M I N G PAT T E R N

The following picture series (ﬁg 3.6) has been taken in a 100µm channel, for diﬀerent
bubble shapes. The excitation frequency is constant at 153 kHz. The aim was to show
how the meniscus shape and location is aﬀecting the streaming. A chip of design 5 with a
height of 75µm was used for this experiment. For the camera, an exposure time of 1 s was
selected. This means that the path of a particle is integrated over the exposure time in
the picture. It needs to be mentioned here that this chip was of a PDMS-PDMS bonded
conﬁguration, and design 5 was used.
As a repetition, the piezo in this kind of conﬁguration is molded in PDMS. A very thin
layer of PDMS (200 - 300 µm) is used to close the structure and in-fact is bonded to the
structure layer. The piezo layer is then put on top of these layers and is ﬁxed using plexiglass plates and a few screws.

ﬁg. 3.6, Streaming pattern for diﬀerent contact angles
When the meniscus is located in the side channel, particles are slowly moving towards it
and are then rapidly moved a way. The particles are shoot in various directions. On a concave meniscus, positioned at the junction to the main channel, a single vortex can be observed, on top of the bubble. When the bubble is forced in a convex shape double vortex
streaming is found on top of the bubble.
It can be concluded, that the streaming pattern does not depend on the contact angle for
convex-meniscus shapes. The good news of this experiment is that the streaming pattern
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is not too much altered, if the visible contact angle is changed a bit. These results suggest,
that the contact angle is not of great importance for the development of microstreaming
in a speciﬁc channel. It was never observed that the resonance frequencies had changed
in a particular channel due to modiﬁcations of the bubble shape. It was very reproducible even if the bubble shape was a slightly diﬀerent.
3.3 RESONANCE FREQUENCY (
STREAMING)

DOUBLE

VO RT E X-

In this chapter the resonance frequencies, i.e. frequencies that maximize the streaming
intensity are analyzed. While observing the streaming intensity under the microscope
several frequencies are found at which the streaming peaks. These peaking frequencies
are distributed over a bandwidth of 13 kHz to 180 kHz.
By slowly increasing the excitation frequency from 13 kHz in steps of 0.1 kHz, changes in
intensity and in features of the streaming are observed. When looking at the bandwidth
between 13 and 50 kHz one obvious peak is found were the streaming intensity maximizes. A model for the relation between the resonance frequency and the dimensions of
the channel is also presented.
3.3.1 Resonance frequency vs. channel width

Let us ﬁrst look at the case for a single chip. The heights of all channels are of course uniform in one chip. Design 5, featuring four diﬀerent channel sizes was used. The height was
measured as 75 µm. The resonance frequency is plotted against the channel width. (ﬁg 3.7)
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ﬁg. 3.7, resonance )equency vs. channel width for a chip with a height of 75µm
A linear relationship can be found between the channel width and the resonance frequency, if the channel height is constant.

3.3.2 Resonance frequency vs. equivalent bubble volume, channel width and
-height
The resonance frequency f and maximum streaming caused by a sonicated spherical bubble is related to its radius r [4] by the relation:

r . f = 3 m/s
The menisci that are used in this project have a more complex shape than a sphere. The
shape of a meniscus cannot even be visualized, since it can only be observed in one plane
by the microscope. However it is legitimate to ﬁnd out if the above relation applies to
the meniscus case, by deﬁning an equivalent radius as follows.
To calculate a volume from which an equivalent radius could be taken, it is assumed that,
the ultrasonic waves do not penetrate deep into the air meniscus and that the penetration depth is related to the wavelength of the ultrasonic wave in air. The penetration
deep is given by b.λ, where λ is the wavelength and b is a constant. It is assumed that the
relevant volume Vr determines the resonance frequency:
Vr = w ⋅ h ⋅ (b ⋅ λ )
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where, w is the channel width and h the channel height.
The wavelength can be calculated using the speed of sound relationship
c= f ⋅λ
where f is the frequency. The speed of sound c in nitrogen at a temperature 25°C and a
pressure of 1 bar is 352m/s. [14]
€
The relevant channel volume is assumed equal to the volume of a sphere VSp.
VSp = Vr
The volume of a sphere is deﬁned as:
€
VSp =

4
⋅ π ⋅ r3
3

where r is the radius of the sphere.
The above balance is solved for
€ the radius of a sphere and thus an equivalent radius is obtained.
 3⋅ w ⋅ h ⋅ b ⋅ c 1/ 3
r =

 4⋅π ⋅ f 
The natural frequency of an air bubble is given by the relation [4]:
€

f ⋅ r = 3 m/s

Using the above equation, the following resonance frequencies were determined for different channel widths in chips€of diﬀerent heights.
width
(µm)

40

50

66

100

50

75

100

50

100

50

100

height
(µm)

75

75

75

75

61

61

61

56

56

96

96

frequency
43.5
(kHz)

35

30.1

20.4

45.2

27.2

19.3

45

26

52

23

radius
(µm)

88

101

132

75

102

126

73

111

83

138

76
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This data is compared to the natural frequency for a bubble of radius r, by ﬁtting the constant b of the penetration deep of the ultrasonic wave in air.(ﬁg. 3.8) For b = 0.075 a correlation of 0.92 is found.
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ﬁg. 3.8, equivalent radius of a meniscus vs. resonance )equency
So for the resonance frequency of an air meniscus, the following formula can be found:
 36 ⋅ π 
f = 
, with b = 0.075
 w ⋅ h ⋅ c ⋅ b

€

3.4

FREQUENCY

V E R S U S V E L O C I T Y.

So far, our reporting was limited to the strongest streaming peak in the bandwidth of 12
to 50 kHz, but streaming is observed for a wide range of frequencies. In order to quantify
this, the speed of a particle is measured at a position 35 µm above the axis of symmetry of
the bubble for diﬀerent frequencies. This position is convenient in terms that the particles are always moving straight and in the same direction, parallel to the axis of the sidechannel. Also the camera used in this study did not allow to measure the whole ﬂow ﬁeld.
For each frequency a short high-speed movie, around 200 frames per second, is made
with a resolution of 400 x 400 pixels. Then the frames are counted, to determine the
time that a particle needs, to travel a distance of 5 µm. Although the accuracy of these
measurements is limited, since we only determine the speed of a single particle at a single
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location, the results correspond very well to the overall streaming intensity, that we see
trough the microscope at a given frequency. This lengthy procedure was applied to chips
of design 8 with a channel height of 56µm and 96µm, and for channel width of 50µm and
100 µm. The velocity is then plotted versus the actuation frequency of the piezo. (ﬁg.3.9,
3.10)
Channel height 56 µm
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ﬁg. 3.9 )equency vs. velocity diagram for a channel height 56µm
In the case of a channel height of 56 µm and a channel width of 50µm strong
microstreaming occurred at several frequencies. The ﬁrst point was measured at 22 kHz.
At frequencies below 22 kHz single vortex streaming was found. Since the measurement
location and deﬁnition are not compatible with this type of streaming, no data was recorded below 22 kHz. When looking at the bandwidth 22- 100 kHz, 3 peaks can be found
in the 50µm wide case. A ﬁrst one at around 26 kHz, one at around 45 kHz and one at 78
kHz. The by far strongest peak is found at 45 kHz. This peak is the most obvious and
corresponds to the resonance frequency that was presented in the previous section. This
could also be a potential candidate for selective microstreaming. In the frequency band
100 to 200 kHz two small peaks are found, one at 145 kHz and one at 175 kHz. A further
observation is that there is a range between 90 and 140 kHz where no streaming occurs.
The velocity-frequency measurements for the 100 µm channels were very similar to the
50 µm channel. Once again 3 peaks are found in the bandwidth 16 - 100 kHz. This time
although, the highest peak is the third one. It should be added here, that the error margin is much bigger for higher velocities, simply because the number of frames, counted to
determine the speed, is smaller.
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The resonance frequency that was refered to in the previous chapter is in fact the ﬁrst
peak. Also it was said that that frequency should be in a band of 12 - 15 kHz.
While looking at the band of 100 to 200 kHz, again two peaks are found. A small peak at
145 kHz and a higher peak at 170 kHz. The peak at 170 kHz is in fact comparable to the
peaks in the band 16 - 100 kHz.
The same measurements were done for a chip with a height of 96 µm. (ﬁg. 3.10)
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ﬁg. 3.10, )equency vs. velocity diagram for a channel height 96µm
The error is calculated using the following formula:
 Δl  2  l ⋅ Δt  2 1/ 2
Δv =   +  2  
 dt   dt  
Where l is the displacement of a particle during a time dt. An uncertainty of length ∆l of
1 µm, and an uncertainty of time ∆t of half the time between to frames is assumed.
€
The y-axis shows that the highest velocity measured in the 96µm chip is only about half
of the highest velocity measured in the 56-micron-high chip. While this result suggests
that higher chambers correspond to lower streaming, (which makes sense since more liquid needs to be moved), additional measurements would be necessary to exclude other
factors such as the quality of the piezo or its attachment.
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In terms of frequencies where streaming occurred, in the 100µm channel case, 3 peaks in
the band 16 to 100 kHz are found. One may argue, that there is another peak at around
39 kHz but because of the low velocity of less than 60 µm/s it is not counted as a peak. In
the band 100 to 200 kHz 3 elevations are found. Let’s keep the ﬁrst one by side for a
moment. So one peak is found at 142 kHz and one at 163 kHz. So there is a similarity to
the peaks found in the 56-micron-high chip. This suggests that these peaks are not inﬂuenced by the change in channel height.
Also, there is this elevation at 121 kHz, that breaks the silence in the non-streaming region but that could not be found in the 56-micron-high chip.

3.5

D E F O R M AT I O N

OF THE BUBBLES

To describe what happens with the bubble when it is exposed to an ultrasonic ﬁeld, the
deformations of the meniscus are studied with a stroboscopic visualization method.
The ultra sonic frequencies used are in the 10-200 kHz range. To describe the oscillations of the meniscus with enough details, a high-speed camera is needed that would take
good resolution pictures with frequencies at least 10 times higher, in other words, frequencies on the order of 100kHz - 2 MHz. No current camera is fast enough.
For instance, a state-of-the-art, Redlake HG 100K highspeed camera with a frame rate of
132’000 pictures per second was used, but as can be seen in the pictures below (ﬁg 3.11)
the quality is not good due to the low pixel number. Although it can be seen on the movie
that the bubble is bouncing.

ﬁg. 3.11, Camera pictures take at 132’000 fps
Since the motion of the meniscus is a periodic phenomenon with frequencies that are
half-integer of the excitation frequency [7], a stroboscope can be used to better visualize
the bubble. Visualizations for 3 diﬀerent frequencies were made on a 100 µm meniscus.
The setup is as follows. The piezo is connected to the wave-generator via an ampliﬁer.
The trigger function of the ampliﬁer is used to send a small pulse, much narrower than
the period of the actuation signal. A digital delay, BNC Model 7010, is used to hold back
the trigger signal. Further a frequency divider was used to half the frequency of the trigger signal. This is done to see, if the response of the bubble has the same frequency as the
actuation signal. On an oscilloscope this looks as follows. (ﬁg. 3.12) ∆T is the delay time.
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Voltage

The range of the delay is twice the period of the actuation signal. So by changing the delay the bubble is illuminated during diﬀerent deformation stages.

range of the trigger

∆T

∆T

Time

Signal
Trigger

ﬁg. 3.12, Relation between actuation voltage signal and tri,er signal
The trigger voltage is then ampliﬁed to power a Light Emitting Diode, LED.
With this setup a pixelink camera can be used to shoot a picture with a convenient exposure time, especially since an LED is somewhat limited in light emission.

3.5.1 Meniscus @ 28 kHz
The experiment starts with a case for a 100µm channel, a height of 75µm driven at 28
kHz and an actuation voltage of approximately 210 V. A rectangular frequency proﬁle was
used. The corresponding period is 35.7 µs. As shown by Jie Xu, the most common wave
frequency is half the excitation frequency, a phenomenon that can be explained by a Matthieu equation.[7] The waves were therefore visualized over 2 periods by using the frequency divider. Below are the pictures (ﬁg. 3.13) taken over the ﬁrst period. An edge detection ﬁlter (Gimp, edge detect, edge) was used to enhance the meniscus shape.

ﬁg. 3.13 pictures of the meniscus deformations at diﬀerent times
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In contrast to the experiments by Xu et al.[7], multiple peaks could not be found over the
meniscus. The basic diﬀerence between has been, that in this experiment much lower
frequencies were used. We are operating in a band between 12 - 40 kHz were as Xu et al.
are operating in a frequency band around 150 kHz.
The deformation of the bubble consists of a bouncing motion of the middle of the bubble with a frequency corresponding to the excitation frequency. However some minor
asymmetries in the movement were observed. While looking at the meniscus on its axis
of symmetry, the position of the left and the right edge of the meniscus are measured for
each picture. The average value was taken for each of those two values and like this it was
possible to plot this position versus the time. (ﬁg. 3.14)

Displacements @ 28 kHz
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ﬁg 3.14 Displacement of the meniscus at the axis of symmetry )om its initial position

The meniscus is in fact responding with some kind of a bouncing motion, but the quality
of this plot is pretty limited.
A color line was put along the edge of the meniscus, so that the displacement over time
can be plotted.
The height of the bubble was stretched by a factor two to enhance the visualization. (ﬁg.
3.15)
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ﬁg. 3.15, bubble deformations at 28 kHz over one period

The largest displacements can be found in the middle of the bubble. There are no obvious asymmetries in the motion of the bubble over time.
3.5.2 Meniscus @ 18 kHz
For a frequency of 18 kHz the period is 55.6 µs.

ﬁg. 3.16 pictures of the meniscus deformations at diﬀerent times
In this case a wave can be observed traveling on the meniscus from bottom to top. In the
above pictures (ﬁg. 3.16) the peek seems to travel upwards, over the time of one period.
First the down side of the bubble lifts a bit. Then this elevation is traveling upwards.
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Since the displacements of the bubble are very small, they can not be seen clearly by
looking at the above picture series. The displacement has again been plotted against the
time. No edge detection ﬁlter was used for the above picture series, as the displacements
were bigger and the meniscus shows good contrast to measure displacements. Also the
position was not averaged for the two sides of the meniscus as this was not necessary.
It was our objective to describe the traveling of the wave over the bubble. For this reason
the deformation of the bubble, in 3 diﬀerent locations over the bubble, was measured.
The position “middle” describes the displacement of the bubble at the axis of symmetry
of the bubble. So the results for this point are the same as those from the previous case.
The positions “up” and “down” describe the displacement of the bubble at a position half
distance between the middle of the meniscus and the edge of the channel. They are referred to as “up” and “down”, because of the vertical orientation of the image series.
The following values of displacement from the initial position a t = 0 µs are found. The
plot again goes over two periods.

Displacements of the meniscus @ 18 kHz
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ﬁg. 3.17, Displacement of the meniscus )om its initial position for diﬀerent positions
The graph shows that the motion of the bubble is not symmetric. However no conclusive
phase shift can be identiﬁed between the motions that would have described obvious
motion of a traveling wave over the bubble. These results simply indicate, that the dis-
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placements have diﬀerent intensities on diﬀerent spots on the bubble surface. The graph
also shows that the bubble is oscillating at the same frequency than the piezo.
The best way to show the displacements of the meniscus is to put a color line on the edge
of the meniscus for every 10µs.(ﬁg. 3.18) The motion of the meniscus is much stronger on
the right side of the bubble. But when looking at the maximum displacement, it can be
seen that this is reached on the right side between 20 and 30µs and on the left side between 40 and 50µs.

ﬁg. 3.18, meniscus deformation at 18 kHz over one period
So the conclusion from this analysis is, that there is a wave traveling from the right side
to the left side, but there is also a huge asymmetry in the amplitude of the displacement
over the bubble.
The streaming pattern that would be observed at this frequency is turning counter
clockwise which contradicts, that the wave is pushing the water. Although we have a
traveling wave over a meniscus and a big one vortex streaming pattern. It is hard to believe that they are not related.
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3.5.3 Meniscus @ 13 kHz
For a frequency of 13 kHz the resulting period is 76.9 µs.

ﬁg. 3.19 pictures of the meniscus deformations at diﬀerent times
The above series of pictures (ﬁg. 3.19) shows a very symmetric bouncing of the meniscus
and there were no obvious asymmetries. Again the displacement of the meniscus from its
initial position was plotted over two periods.(ﬁg. 3.20)
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ﬁg. 3.20, Displacement of the meniscus at the axis of symmetry )om its initial position
It is a shortcoming of these measurements that the streaming pattern was not recorded
during the same experiment than the meniscus displacement. Although the same chip
was used to do these measurements, that was used for the description of the phenomeCharacterization and design of microstreaming actuators for microﬂuidic chips	
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non of single vortex streaming (chapter 3.2), there were problems with the reliability of
the streaming turning its direction from clockwise to counter-clockwise. This might have
been related to the aging of the chip and that over time, more and more particles stick on
the surface of the chip.

3.6

MICROSTREAMING

V E L O C I T I E S V S. AC T UAT I O N

VO LTAG E

Velocities of single particles in the microstreaming ﬁeld were measured for three diﬀerent positions around a meniscus, shown in the ﬁqure below. A 100µm channel width was
selected in design 7 chip and the channel had a height of 52µm.
The bubble was excited with a frequency of 23 kHz. This frequency corresponded to the
resonance frequency. The measuring positions (ﬁg. 3.21, 3.22) were deﬁned as follows:
Position 1

halfway between axis of symmetry and the
edge of the channel
10µm above the meniscus

Position 2

on the axis of symmetry 10µm above the
meniscus

Position 3

on the axis of symmetry 50µm above the
meniscus

3

2

50!m
1

10!m

10!m

1/2

1/2

ﬁg. 3.21, Geometric location Positions 1, 2, 3

ﬁg. 3.22, Positions 1, 2, 3 in the streaming ﬁeld

It was found that the velocity is related to the actuation voltage and thus the velocity is
plotted versus the eﬀective actuation voltage. The velocities always relate to the velocity
of a single particle at the point of interest. To determine the eﬀective actuation voltage
precisely a HP 3478A Multimeter was used.
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ﬁg. 3.23 velocities vs. actuation voltage at diﬀerent positions.
The velocity increases almost quadratically relative to the eﬀective actuation voltage.(ﬁg.
3.23) The maximum velocity 2000 µm/s appears on the ﬂank of the meniscus. The maximum velocities in positions 2 and 3 were 1000 µm/s and 308 µm/s for an eﬀective actuation voltage of 208 V. The error is again calculated using the following formula:
 Δl  2  l ⋅ Δt  2 1/ 2
Δv =   +  2  
 dt   dt  
Where l is the displacement of a particle during a time dt. An uncertainty of length ∆l of
1 µm was assumed and an uncertainty of time ∆t of half the time between to frames.
€

3.7

BUBBLE

C RO S S - C O M M U N I C AT I O N

Combining 3 bubbles
In this section the combination of 3 bubbles oscillating next to each other is analyzed.
The transition between the single vortex and the double vortex streaming patterns is of
special interest. The geometry that was selected had 3 channels of a width 100µm that are
separated to each other by 100µm (design 7). The chip had a height of 52µm. The main
channel was ﬁlled with a ﬂorescence particle-loaden water suspension, and the water menisci were pushed up to the main channel. An actuation voltage of 210 V and an excitation frequency of 20 kHz were selected.
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ﬁg. 3.24, Three 100µm channels separated by 100µm actuated by 20kHz
In the above picture (ﬁg. 3.24), it can be seen that the left-side meniscus is forming a single vortex streaming pattern rotating counterclockwise and the right-side meniscus is rotating clockwise. The meniscus in the middle has developed a two vortices streaming pattern. Since all channels have exactly the same dimensions our conclusion is that the bubbles are inﬂuencing each other.
This simple ﬁnding indicates that the actuation strategies superposing several bubbles
need to account for eﬀects that the menisci have on each other.

ﬁg. 3.25, Three 100µm channels separated by 100µm actuated by 23 kHz
By increasing the excitation frequency to 23 kHz the single vortex microstreaming would
change in double vortex microstreaming. (ﬁg. 3.25)
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Combining 2 bubbles
In a second experiment, it was possible to combine the single vortex streaming pattern of
two menisci. (ﬁg. 3.26) The same chip as was used in the pervious chapter.(design 7, height
52µm). The actuation frequency was selected as 16.5 kHz, because at this frequency the
rotation velocity was strongest. The actuation voltage of the piezo was 210 V.

ﬁg. 3.26, Two 100µm channels separated by 100µm
A few velocities were measured in the above streaming ﬁeld.
In position 1, halfway between the two bubbles and 20 µm away form the wall, the velocity was measured as 333µm/s. In position 2, also halfway between the two bubbles and 125
µm away form the wall the velocity was 86µm/s. The velocity was also measured 10 µm
above the left and the right meniscus. The results were 550µm/s and 660 µm/s respectively.
3.8

SELECTIVITY

BETWEEN BUBBLES

This section investigates the possibility of selectively actuating a meniscus by matching
the excitation frequency with, its resonance frequency and the channel width. For this
purpose a device design with 3 channels of the widths 50, 75 and 100 µm in a row separated by a gap of 200 µm (Design8) was used. It was assumed that this larger gap would
reduce the chance that the bubbles inﬂuence each other. The channels had a height of 61
µm. An actuation voltage of 190 V was used.
As a ﬁrst step the resonance frequencies for diﬀerent channel-widths are determined independently, so that only one bubble was inﬂated and the two other channels were ﬁlled
with water.
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The below picture (ﬁg. 3.27) shows the streaming pattern at an actuation frequency of 16
kHz and a voltage of 190 V. Streaming can be observed on top of the right, 100µm meniscus, and on top of the middle 75µm meniscus. There is only a very low streaming on
the left, 50 µm, meniscus.

ﬁg. 3.27, microstreaming at 16 kHz for diﬀerent channel sizes
At an actuation frequency of 30 kHz, pretty strong streaming is found above all three
menisci. (ﬁg. 3.28)

ﬁg. 3.28, microstreaming at 30 kHz for diﬀerent channel sizes
Characterization and design of microstreaming actuators for microﬂuidic chips	


56

From these two pictures it can be concluded that at least a channel width diﬀerence of
50µm is needed to build an actuator that is working on the principle of selectivity to the
actuation frequency. From ﬁgure 3.27 it is already known that it is possible to excite the
larger 100µm meniscus without actuating the smaller 50µm one. Of course it would be
interesting to know, if this also holds the other way around.

ﬁg. 3.29, microstreaming at 45 kHz for diﬀerent channel sizes
To ﬁnd out this water is sucked form the main channel in the 75 µm middle channel.
Then the actuation frequency is adjusted to 45 kHz and compared the streaming intensities are compared.
As can be seen in ﬁgure 3.29, the streaming of the 50 µm bubble is weaker then the one
of the 100µm bubble.
It was not possible to ﬁnd a frequency where the streaming of the 50µm bubble is
stronger than the streaming of the 100µm bubble. Therefore the possibility of selective
streaming is not fully demonstrated by this work. Since section 3.4 shows that each meniscus experiences several resonance frequencies, and section 3.1 suggests that piezo location is important to the streaming, it appears that further study is needed to determine
how the piezo position inﬂuences the streaming. To this end, the new generation of chips
proposed by [15] are interesting in the sense that they allow to modify the piezo position
with respect to the channel.
3.9

MICROSTREAMING

ENHANCED MIXING

This section describes how microstreaming could be used to enhance the mixing in a microchannel. A chip of design 8, height 61µm, with 3 diﬀerent channel widths separated by a
gap of 200µm is used to test this. Through the main channel clear water was infused, and
through the ﬁrst side channel ink was infused. The setup is shown in ﬁgure 3.30.
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ﬁg. 3.30, setup of a microstreaming enhanced mixing

A ﬂow-rate of 0.05 ml/h was chosen on the KD Scientiﬁc 120 syringe-pump. The pump
works at such low ﬂow rates no longer pulse free. In our case the pump would produce a
forward pulse only ever 5 seconds. The water- and the ink-syringe were both mounted
parallel in the syringe pump.
Like this it was possible to produce a well separated water and ink ﬂow in the main channel.

ﬁg. 3.31, Microstreaming enhanced mixing at a ﬂow rate of 0.05 ml/h

The 75 µm bubble was excited at its resonance frequency with 28 kHz. No enhancement
in mixing could be observed. (ﬁg. 3.31) The ﬂow velocity can be calculated by the
continuity-equation and is 20 µm/s. in the main channel. Although the maximum actuation voltage of 210 V was used the bubble was not strong enough to enhance mixing at
such a ﬂow rate.
Further lowering the ﬂow rate to 0.02 ml/h resulted in instabilities in the ﬂow.
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ﬁg. 3.32, Microstreaming enhanced mixing at a ﬂow rate of 0.02 ml/h

However with this unstable ﬂow some indication that microstreaming enhanced mixing
might work could be observed at lower ﬂow speeds.(ﬁg. 3.32) With a specialized design,
that would bring the two ﬂow parallel together it would probably be possible to accomplish the experiment successfully.

4 Outlook and suggestions
4.1

DESIGN

When looking at the frequency versus velocity diagrams, many frequencies can be found
that induce streaming on a meniscus. Further fundamental study is needed to determine
the exact transmission of power from the meniscus to the ﬂuid around the chip. According to recent experiments, it appears that the pressure waves do not propagate in air.
One of our ﬁndings has been, that a water chamber with the piezo mounted on top of it,
is improving the streaming. If our designs are compared to the one used by Xu and Attinger [7], we see they had their meniscus in the water chamber just under the piezo. So,
it is probable that the pressure waves traveling through the water is provoking the
streaming. A real improvement would be, if the pressure waves could directly be induced
to the water. If this would also eliminate the piezo mounted on top of the chip, I am sure
we would yet again ﬁnd a diﬀerent proﬁle for the frequency versus velocity diagram.
PDMS may not have been the best material for microstreaming, since it is soft and the
walls are compliant. This probably reduces the wave propagation in the chip.
A reason why there might have been so many diﬀerent frequencies could be that some
were pressure waves traveling at diﬀerent speeds, through the diﬀerent materials, provoking resonances in parts of the chip, to which the bubble reacts.
Since our meniscus is forced in a rectangular shape, this may also have added a lot of
complexity to our frequency pattern.
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What is really missing are theoretical bases that would help as to deﬁne constraints on
how a design should be made.
4.2

MANUFACTURING

The manufacturing part was the part in which most work had to be invested. The current
design has reached a good level of robustness. All problems with leaks could be solved,
once and for all, by bonding the chip to glass-slides. Although we have been using thinner
copper pieces to connect the piezo to the glass there is always a gap, ﬁlled with glue, between the piezo and the glass. My guess is that if we could change this ﬁxation in a way
that the piezo would have contact over its whole area the streaming could probably further be improved.
It probably would also be interesting to coat a microscope slide with a thin ﬁlm of
PDMS. This would make the wetting properties of all the surfaces in the micro-channel
the same. Although this didn’t show to be a problem in our study it might reduce a bit of
the complexity of this work.
4.3

C H A R AC T E R I Z AT I O N

Certainly it would by interesting to make PIV measurements for the peak frequencies
and have velocities over the whole streaming area. This could also help to determine an
area of inﬂuence of a bubble and how that is related to the actuation frequency.
In the multi-bubble experiments, we found that if there where multiple menisci next to
each other, they would produce diﬀerent new streaming patterns. It would be interesting
to see what diﬀerent arrangements of channels would produce.
As we have seen the microstreaming enhanced mixing section, the intensity of the
streaming was too low to mix two ﬂows with a velocity of 20 µm/s. If it would be possible
to increase this intensity, the microstreaming, mixing would probably work.
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