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ABSTRACT
Microelectromechanical systems (MEMS) have become enabling technologies on
many research areas. In this dissertation, we present the use of acoustofluidic MEMS for
bioengineering applications. Firstly, we demonstrate an acoustofluidic micromixer, which can
perform rapid and homogeneous mixing of highly viscous fluids in the presence of an acoustic
field. In this device, two high-viscosity polyethylene glycol (PEG) solutions were co-injected
into a three-inlet PDMS microchannel with the center inlet containing a constant stream of
nitrogen flow, which forms bubbles in the device. When these bubbles were excited by an
acoustic field generated via a piezoelectric transducer, the two solutions mixed homogenously
due to the combination of acoustic streaming, droplet ejection, and bubble eruption effects. The
mixing efficiency of this acoustofluidic device was evaluated using PEG-700 solutions, which
are ~106 times more viscous than deionized (DI) water. Our results indicate homogenous
mixing of the PEG-700 solutions with a ~0.93 mixing index. The acoustofluidic micromixer is
compact, inexpensive, easy to operate, and has the capacity to mix highly viscous fluids within
50 milliseconds. Secondly, we present acoustically actuated artificial cilia, which can also
perform mixing into the PDMS microchannel as the natural cilia do. For the fabrication of
artificial cilia structure into the channel, in situ fabrication method is used for the first time. In
order to demonstrate the mixing performance of the artificial cilia device, we injected DI water
and DI water + fluorescein powder solution via inlets and calculated the mixing index as ~0.9.
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Chapter 1
Background and Introduction
1.1 Microfluidics and Lab-on-a-Chip

Microfluidics is a science and technology that is used for manipulating or processing
amount of fluids, which is approximately 10-9 to 10-18 liters, and microfluidics puts to use
channels with dimensions ten to hundred of micrometers [1]. Microfluidics technology offers
many advantageous capabilities that are working with small reagents or samples, getting
shorter reaction times, low cost, and easy to integrate with parallel operations [2]. In the past
decade, microfluidics technology has become a distinguishing new discipline with various
applications [3][4]. Additionally, improvements of Lab-on-a-Chip technology expedite the
developments of microfluidics technology [5][6]. The Lab-on-a-Chip technology has a
promising ability that performs huge laboratory operations on small scale devices. This
technology brings many advantages with it. First but foremost, decreasing the size of
instrumentation using microfluidics technology leads to reducing the number of samples and
power consumption and also this small size property contributes the portability. Secondly,
complex experimental setups can be simplified by integration of various assay steps in a Labon-a-Chip system. Finally, using the small device makes possible better throughput because
of integration of multiple assays in a single microchip.
The attractiveness of microfluidics and Lab-on-a-Chip studies draw attention and
researchers have started to tend towards these distinctive new disciplines. In order to study
on microfluidics ideally, there should be a better understanding of microscale fluid physics.
There is a unique fluid behavior at the microscale which is typically not seen at the
macroscale.
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1.2 Fluid Behavior at the Microscale

The fluid behavior at the microscale is different than the fluid behavior at the macroscale
because of various factors such as surface tension, energy dissipation and fluid resistance.
There are many different forms of fluids at the microscale such as the continuous single-phase
flow, particulate flow, and multiphase flow and these different forms of fluids are used in
various microfluidic applications [7][8][9]. To work with microfluidics and improve new novel
applications are directly related to having a better understanding of the behavior of fluids at the
microscale.

1.2.1 Scaling Laws and Dimensional Analysis

In a microfluidic system, many different physical quantities play a role on the behavior
of fluids. When these physical quantities changed as a function of length, it causes the change
of fluid behavior at a different length scale. However, not all these physical quantities are
affected in the same way by a change in length scale, so dominant physical quantities control
the behavior of fluids. To have a better understanding of these physical quantities, scaling laws
and dimensional analysis should be used commonly in microfluidic studies. Working with
microdevices makes it necessary to miniaturize each component of a device. Therefore, scaling
laws become one of the important things that engineers should take into consideration while
they are working with microdevices. Scaling laws are a microfluidic phenomenon which
describes how dependent variables scale with independent variables [10] and scaling laws have
proportional relations the parameters of a system or an object with its length scale. When there
is a system whose length scale is l, the volume of the system scales as l3 and the surface area
of the system scales as l2. Because of that when we change our system from the macroscale to
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microscale; this smaller system has larger surface area to the volume of the system as a
comparison of macroscale. Put it differently, the surface forces of the system will dominate the
volume forces of the system [11]. Additionally, scaling laws is directly related to dimensional
analysis, which utilizes dimensionless numbers like the Reynolds numbers in order to explain
the fluid behavior at the microscale.

1.2.2 Reynolds Number

The Reynolds number (Re) is the expression of the ratio of inertial forces (ρV2L2) to
viscous forces (µVL). While the inertial forces are characterized by the fluid density (ρ), the
average flow velocity (V) and the characteristic width of the microfluidic channel (L), the
viscous forces are characterized by the dynamic viscosity of the fluid (µ) and also the average
flow velocity (V) and the characteristic width of the microfluidic channel (L). Then the
Reynolds number become:

𝑅𝑒 =

$% & '&
(%'

=

$%'
(

	
  

Equation 1.1

The Reynolds Number (Re) is used to determine if the flow is laminar or turbulent.
When the viscous forces dominate the inertial forces, there will be a low Re (Re<2300), and
the flow is characterized as laminar since there will be smooth, parallel flow lines. On the other
hand, when the inertial forces dominate the viscous forces, there will be a high Re (Re>4000),
and the flow is characterized as turbulent because fluctuations and vortices will be seen in the
flow.

3	
  	
  

1.2.2.1 Low Reynolds Number at the Microscale

Figure 2.1 An example of low Re laminar flow in a microfluidic channel that shows turbulence cannot occur
and fluids are running next to each other without mixing.
Source of image: http://faculty.washington.edu/yagerp/progressinmfcas.html

Since viscous forces dominate inertial forces in a microfluidic system, there will be a
low Re number (Re<2300) and accordingly laminar flow. Figure 1.1 indicates that two different
fluids meet in a microfluidic channel and they flow side-by-side without mixing because of
laminar flow regime.

1.2.3 Navier-Stokes Equation

Navier-Stokes equation is a mathematical model for the motion of fluid and it is one of
the governing equations of microscale fluid flow. It basically describes the flow of
incompressible fluids. The equation is:

𝜌

+%
+,

+ 𝑉. ∇𝑉 = 	
   −∇𝑝 + 𝑢∇4 𝑉 + 𝜌𝑔
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Equation 1.2

where ρ is the density, V is the velocity vector, p is the pressure, u is the dynamic viscosity and
g is the gravitational constant. By applying the Newton’s second law (F=m.a) to the motion of
a fluid volume, Navier-Stokes equation is arisen. While the left side of the equation represents
the acceleration of fluid, the right side represents pressure gradient, viscous force and volume
force respectively.
In a microfluidic system, if there is a low Re number (Re<<1), in this premises, fluid
acceleration and volume force become negligible as a comparison of viscous force. Therefore,
we can simplify the Navier-Stokes equation and obtain the Stokes equation:

	
  	
  	
  	
  	
  	
  	
  	
  ∇𝜌 = 𝑢∇4 𝑉

Equation 1.3

When the Re number is extremely low (Re<<1), the fluid flow in a microfluidic system
is called stokes flow or in other words creeping flow. However, it does not mean that all
microscale fluid flows can be called as stokes or creeping flow since the laminar flow can
happen when the Re number is smaller than 2300 (Re<<2300).

1.2.4 Diffusive Mixing
At the macroscale because of high Re number (Re>4000), mixing can be achieved by eddies
and vortices that show up because of the turbulent flow. Nevertheless, at the microscale, which
has low Re number (Re<<2300,) since there is a lack of turbulence, mixing is exceedingly
limited and can be achieved by diffusion only. Diffusion can be explained by the Brownian
motion of particles or molecules. The Brownian motion express how particles or molecules
spread, and it says that particles or molecules spread randomly from high concentration region
to low concentration region.
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1.2.4.1 Fick’s Laws of Diffusion

The underlying idea of diffusion is mass transfer driven by a concentration gradient.
Fick’s first law represents the relation between the diffusive flux (J) and concentration gradient.
That is:

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  𝐽 = −𝐷∇𝐶

Equation 1.4

Where D describes diffusion coefficient or in another word diffusivity of species, C
represents the concentration of species. Diffusion coefficient (D) differs from species to species
by depending on the size of the species. Therefore, diffusion can be used to separate different
size species. Diffusion can still be seen when there is no concentration gradient but in this case,
there will not be net diffusive flux (J).
Fick’s first law assumes that the system is steady state, which means the concentration
does not change. However, in some cases of diffusion, the concentration does not keep constant
and change with time. Fick’s second law of diffusion describes the time-dependent
concentration change and the equation is derived from:

	
  	
  	
  	
  	
  

	
  +9
+,

= −∇𝐽 − 𝑉. ∇𝐶 + 𝑆

Equation 1.5

When we assume that there is no convection (V.∇C =0) and no chemical reaction (S=0),
the Equation 1.5 turns into Equation 1.6 and Fick’s second law arises:

	
  	
  	
  	
  	
  	
  

+9
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= 𝐷∇4 𝐶

Equation 1.6
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1.3 Fabrication Technologies of Microfluidic Systems

Fabrication technologies for microfluidic systems can be divided into two main
categories, which are conventional microfluidic fabrication methods and rapid prototyping
methods. Conventional microfluidic fabrication methods can be used for fabrication on glass
or silicon wafers, and the procedure includes photolithography and etching. On the other hand,
rapid prototyping methods, which are soft lithography and hot-embossing, are fabrication
techniques using polymer materials such as Polydimethylsiloxane (PDMS) in order to transfer
micropatterns.

1.3.1 Conventional Fabrication Methods

1.3.1.1 Photolithography

Photolithography is a process that uses optical radiation to transfer geometric patterns on
a photomask to a silicon wafer, which is coated negative, or positive photoresist layers. There
are six main steps for photolithography fabrication process that are wafer surface cleaning,
photoresist, soft baking (pre-bake), mask alignment and exposure, development and hard
baking (post-bake).

1.3.1.1.1

Wafer Surface Cleaning

As a first step, wafers’ surface should be cleaned chemically in order to remove
contaminants that can be atmospheric dust, bacteria, and abrasive particles before photoresist
coating. After cleaning the wafer’s surface, silicon dioxide (SiO2) deposition should be carried
7	
  	
  

out since silicon dioxide (SiO2) will be used as a barrier layer between the wafer and the
photoresist.

1.3.1.1.2

Photoresist

Positive and negative photoresists are two different types of photoresist. Both positive
and negative photoresist resist ultraviolet (UV) light but conversely. For the positive
photoresist, when ultraviolet (UV) light encounters with the material which is coated with
positive photoresist, since changing the chemical structure of the surface and becoming more
soluble, the material tends to remove. The part that ultraviolet (UV) light does not hit, stays
and the mask pattern is copied identically. For negative photoresists, they work in the opposite
manner. When there is ultraviolet (UV) light exposure, the negative photoresist is polymerized
and remains on the surface. Other parts of the surface that do not meet with ultraviolet (UV)
light removes after meeting with the developer solution. Since there will be an inverse pattern,
masks should be designed based on this information.
In order to coat photoresist on a silicon wafer, spin coater should be used for uniformity
and controllable thickness. The typical thickness for microfluidic fabrication is 1 µm [12].

1.3.1.1.3

Soft Baking (Pre Baking)

Soft baking is the third step that is also called pre-baking step. At the soft baking process,
there should be a smooth surface in order to obtain better conduction, good thermal contact and
uniform heating. The main reason for the soft baking step is drying the photoresist and so
getting rid of excess solvent in order to have stable resist film on the surface of the wafer. The
removing of excess solvent happens by evaporation, so the evaporation rate should be watched
8	
  	
  

carefully to get ideal resist thickness. The importance of the soft baking step is that soft baking
makes the photoresist layer photosensitive. For soft baking step, hot plate or oven can be used
for evaporation. The time and the temperature arrange based on the conduction methods,
photoresist type and the thickness that is wanted to obtain.

1.3.1.1.4

Mask Alignment and Exposure

The mask or in another word photomask is a one-sided patterned and square glass slide.
To transfer geometric patterns onto the silicon wafer accurately, the photomask should be
aligned with the silicon wafer before the exposure step. If there is more than one mask, each
mask should be aligned to the previous geometric pattern. After the accurate alignment, the
ultraviolet (UV) light exposed to photoresist layer through the geometric pattern on the mask.
For the exposure step, there are three different types of exposure methods, which are contact,
proximity and projection. Figure 1.2 demonstrates the exposure methods [13].

Figure 1.2 (a) Contact printing, (b) Proximity printing, (c) Projection printing.
Source of image: [13]
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As the figure clearly shows that for contact printing, there is a physical contact between
the photoresist coated wafer and the photomask. Since there is a contact between the wafer and
the photomask, it is possible to get high resolution. However, this contact can damage the mask
and can cause undesirable defects on the geometric pattern. Proximity printing is quite similar
to contact printing, but there is a small gap between the photoresist coated wafer and the
photomask. Proximity printing helps to reduce the mask damage since because of this small
gap between the wafer and the photomask, which is 10 to 25 micron wide and it will keep the
constant during the exposure process. Because of this gap, the resolution is not okay as contact
printing. Projection printing uses projection systems between the photoresist coated wafer and
the photomask. In order to get rid of resolution problem of the proximity printing, projection
printing image only a small portion of the photomask. By scanning, the small portion of the
pattern transfers onto the wafer.

1.3.1.1.5

Development

Development step utilizes developer solutions which are determined by the type of the
photoresist. Developer solutions help to remove unpolymerized photoresist that is transferred
onto the wafer. If the photoresist is positive, exposed areas wash away after the development
step. On the contrary, if the photoresist is negative unexposed areas wash away after the
development step.

1.3.1.1.6

Hard Baking (Post Baking)

The final step of the photolithography is hard baking or post baking. The wafer should
be put in pre-heated oven for a certain time. This step is essential to provide strong
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conglutination between the photoresist and the wafer after the development step.

Figure 1.3 Photolithography process for negative photoresist
Source of image: [14]
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1.3.1.2 Etching

After the photolithography process, etching will be the next step. The etching process is
divided into two classes which are wet etching and dry etching. The etching process is
necessary to remove previously deposited a thin film. Wet etching in other words chemical
etching or liquid etching, uses a chemical solvent in order to achieve removal processes from
the wafer. By using photolithography steps, the geometric patterns are transferred onto the
wafer surface and materials, which are not protected by the photomask, are removed away by
chemicals such as potassium hydroxide (KOH), so this process is called wet etching. Dry
etching is also called plasma etching uses plasma gasses in order to etch the substrate material
by utilizing the high kinetic energy of particle beams, chemical reaction or both of them
together. Therefore, there are three different types of dry etching that are physical dry etching,
chemical dry etching and reactive ion etching (RIE). While physical dry etching only requires
the high energy of beam particles for etching, chemical dry etching utilized the chemical
reaction between the etchant gasses and the wafer surface. On the other side, reactive ion
etching (RIE), uses both physical and chemical etching processes in order to have a better
solution. In order to obtain better anisotropy, the sidewalls of the substrate should be protected
with a layer and this method is called deep reactive ion etching (DRIE) which provides deep
penetration and high aspect ratio.

1.3.2 Rapid-Prototyping Method
1.3.2.1 Soft Lithography

Soft lithography method is performed based on self-assembly and replica molding, and
this technique is known by being convenient, useful and low-cost for fabricating microdevices
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[15]. Soft lithography uses elastomeric materials, which are mechanically soft, in order to
replicate structures. Most commonly used elastomeric material is Polydimethylsiloxane
(PDMS) since its desirable mechanical and optical properties that will be explained detail in
section 1.3.2.1.1.
Figure 1.4 is demonstrating the microfluidic Polydimethylsiloxane (PDMS) channel
fabrication. PDMS polymer comprises of 10:1 silicon elastomer and a curing agent. Master
mold can be fabricated by using photolithography steps. After having the master mold with
intended microchannel design, Polydimethylsiloxane (PDMS) pours onto the master mold.
After baking and the peeling steps, Polydimethylsiloxane (PDMS) microchannel bonds onto
oxygen plasma treated glass slide. The master mold is not disposable so it can be used for
several times to fabricate Polydimethylsiloxane (PDMS) microchannels.

Figure 1.4 Schematic demonstration of microfluidic PDMS channel fabrication by using replica molding
Source of image: [16]

1.3.2.1.1

Polydimethylsiloxane (PDMS)

Polydimethylsiloxane (PDMS) and other types of polymers are being used most
microfluidic researches. Fabrication in polymers holds many advantages in comparison with
silicon and glass that are easier to fabricate, more flexible and cheaper. When we look at PDMS
specifically, it has many desirable and attractive properties that are shown in Table 1.1 [17].
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Table 1.1 Properties of PDMS
Source of the table: [17]
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1.3.2.2 Hot embossing

Hot embossing is a polymer microfabrication method which is known its low cost and
flexible properties [18]. Hot embossing master is fabricated by conventional photolithography
steps and hot embossing method uses high pressure and high temperature in order to transfer
geometric patterns from the hot embossing master onto the polymer. Hot embossing equipment
can be seen in Figure 1.5 [18]:

Figure 1.5 Hot embossing equipment
Source of the image: [18]

When we compare hot embossing method with soft lithography, hot embossing method
provides high aspect ratio structures, and it has fabrication efficiency. On the other hand, hot
embossing method cannot provide channel smoothness as good as soft lithography.
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1.4 Basics of Acoustic Waves

1.4.1 Introduction to Acoustics

Energy describes the capacity to do a work, and we are familiar with the energy forms
such as light, heat, kinetic, potential or magnetic. Like those examples, a sound is also a form
of energy. The sound is a mechanical vibration that has frequencies range from a few cycles to
ultrasonic vibrations and acoustics is the science of sounds. The human ear can hear in a certain
range of mechanical vibrations, and this range is known as the audible range. Above the audible
range’s frequency, the mechanical vibrations are called ultrasonic vibrations. In other words,
the range of mechanical vibrations that human ear cannot hear is called ultrasonic vibrations.
Sound waves propagate through a medium that can be solid, liquid or gas and the speed
of the sound waves are depend on the properties of the medium. The wave motion is essential
since in real life and the all areas of science, vibrations, which form waves, transfer energy and
it makes wave propagation prevalent. Mechanical waves can be classified in two different
ways: longitudinal or transverse.

1.4.1.1 Longitudinal Waves

If the direction of the wave propagation and the particle displacement are parallel to each
other, the wave is called as a longitudinal wave. Back and forth wave motions, like a stretch
slinky has, creates the longitudinal wave behavior. Sounds wave in the air can be used as an
example of the longitudinal wave. Figure 1.6 is a demonstration of the longitudinal wave.
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Figure 1.6 Longitudinal wave motion
Source of the image: https://www.premedhq.com/transverse-and-longitudinal-waves

1.4.1.2 Transverse Waves

If the direction of the wave propagation and the particle displacement are perpendicular
to each other, the wave is called as a transverse wave. Up and down wave motions, as a wave
on a string has, creates transverse wave behavior. Surface waves on the water can be used as
an example of the transverse wave. Figure 1.7 shows the transverse wave behavior.

Figure 1.7 Transverse wave motion
Source of the image: https://www.premedhq.com/transverse-and-longitudinal-waves
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1.4.2

Characteristics of Sound Waves

Characteristics of sound waves are expounded by exploring frequency, period, amplitude,
and velocity.

1.4.2.1 Frequency (f)

The frequency of sound waves is symbolized by f and describes the number of cycles per
second. The frequency is measured in Hertz (Hz). As it mentioned earlier sections, the human
ear can hear in a certain range of sound vibrations and this range is called audible range. The
audible spectrum’s frequency is between 20 Hz-20 kHz. Ultrasonic range that the human ear
cannot hear has the frequency over 20 kHz. Wavelength is related to the frequency of the sound
wave, and the formula is shown in Equation 1.7:

𝜈 = 𝜆×𝑓

Equation 1.7

Where ν is the speed of sound wave, λ is wavelength and f is frequency.

1.4.2.2 Period (T)

Sound waves are periodic, and there is a cycle which is describing as round trip since the
wave turns back to the starting point. Therefore, period (T) of a wave is explained as the
duration between a point on a wave and the same point on the ensuing cycle and period is
measured in milliseconds (1000 ms = 1s). The period of a wave can be found by using
frequency of this wave. The formula is showed in Equation 1.8:
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𝑇=

@A

Equation 1.8

B

1.4.2.3 Amplitude (A)

When there is an atmospheric pressure change because of sound waves, the measurement
of this change is described by amplitude. If the sound has a greater amplitude, the sound
become louder than the same sound with lower amplitude. Greater amplitude means the sound
wave has more energy. Amplitude is measured in Newtons per square meter (N/m2). Figure
1.8 is a demonstration of period and amplitude of a wave.

Figure 1.8 Demonstration of period and amplitude of a wave
Source of the image: http://www.tiem.utk.edu/~gross/bioed/webmodules/circadianrhythm.html

1.4.2.4 Velocity	
  (ν)	
  
The velocity of a sound wave describes the speed of wave motion, it only depends on the
medium, and so it is not bound up with frequency (f), period (T) or amplitude (A) of the
sound wave.
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1.4.3 Surface	
  Acoustic	
  Wave	
  (SAW)	
  and	
  Bulk	
  Acoustic	
  Wave	
  (BAW)	
  

There are two different technologies, surface acoustic wave (SAW) and bulk acoustic wave
(BAW) devices that are differentiated based on how the acoustic wave propagates through the
piezoelectric slab. Figure 1.9 indicates the schematic view of SAW resonator.

Figure 1.9 Schematic view of SAW resonator
Source of the image: http://www.edn.com/design/wireless-networking/4413442/SAW--BAW-and-thefuture-of-wireless

In SAW based devices, acoustic waves propagate parallel to the piezoelectric substrate in
the interdigital transducer (IDT) along the surface of the device [19]. SAW devices have a
limitation on their operating frequency because of separation of each finger in the IDT. This
frequency is around 2.5 GHz. Additionally, LiTaO3 and LiNbO3 crystal substrates are used
for manufacturing of SAW devices [20].
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Figure 1.10 Schematic view of BAW resonator
Source of the image: http://www.comsol.com/blogs/piezoelectric-baw-resonator-modeling/

The schematic of the BAW resonator is shown in Figure 1.10. The basic diagram of
BAW devices is piezoelectric layer sandwiched between two metal electrodes as it can be seen
in Figure1-10. To manufacture BAW devices, Zinc oxide (ZnO) [21] and Aluminum Nitride
(AlN) [22] are used as most common piezoelectric materials. In BAW devices, acoustic wave
propagates through the piezoelectric substrate in the thickness direction [23] and its operating
frequency is around 10 GHz [24].
1.5 Experimental Setups
1.5.1 Function generator and Amplifier

RF function generator (Figure1.11) and amplifier (Figure 1.12) is connected to transducer
in order to obtain requested acoustic field.
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Figure 1.11 Function Generator
Source of the image: http://www.testequipmentdepot.com/

Figure 1.12 Amplifier
Source of the image: http://www.arworld.us

1.5.2

Inverted Optical Microscope Stage and Fast Camera

To achieve mixing experiments, the PDMS device should be immobilized on the
inverted optical microscope stage (Nikon TE-2000U) that is shown in Figure 1.13.
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Figure 1.13 Inverted optical microscope stage and fast camera

1.5.3

Syringe Pump

In order to provide precise fluid control and adjustment during experiments, inlet
tubings were connected to a computer controlled syringe pump (KDS-210, KD Scientific)
which can be seen in Figure 1.14.

Figure 1.14 Syringe Pump
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Chapter 2
Mixing High Viscosity Fluids via Acoustically Driven Bubbles

2.1 Introduction

Microfluidic technologies ensure a plethora of unique advantages to the scientific and
medical communities. Small sample volume, low reagent consumption, low cost, high
sensitivity and high precision can be counted as examples of those unique advantages [1], [25]–
[27]. On the other hand, working at low Reynolds number (Re) causes essential challenges for
mixing fluids with high viscosity in a microfluidic device [28]–[30]. There are numerous
microfluidic diagnosis and analysis platforms that need to handle such high viscosity fluids in
applications such as biochemical reactors [31][32], biological sample preparation [33][34] and
bioanalysis [35][36]. For instance, as an important source for disease detection, sputum, should
be liquefied and mixed with other biological reagents in order to do analysis [34][33]. Figure
2.1 demonstrates an example of sputum liquefaction device and this device is called
acoustofluidic micromixer, which uses oscillation of sharp edges. By using this micromixer
device, human sputum can be effectively liquefied and in addition to this, during the
liquefaction process, they maintain the cell viability and integrity [33]. Additionally, many
biological and chemical processes like syntheses and reactions are in need of a rapid mixing to
yield a homogenous mixing before the reaction has completed [37]–[39]
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Figure 2.1 (a) Schematic of sputum liquefaction device, (b) When transducer is off, laminar flow is
showed, (c) When transducer is on, mixing is showed, (d) Acoustofluidic sputum liquefier
Source of the image: [33]
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Diffusive mixing is really slow in microfluidic devices, and it requires more than 100
seconds in order to achieve mixing fluids within a simple 100 µm wide microchannel [40].
When a flow is introduced into a microdevice, fluids tend to flow side by side due to low Re
laminar flow regime, and there is observed minimal diffusive mixing through the liquid-liquid
interface. In order to address fluid mixing at the microscale, there are two main categories of
microfluidic mixers have been stated: active and passive mixers. Diffusive driven [41][42] and
chaotic advection based [43]–[45] micromixers are examples of passive micromixers, and they
use the flow velocity and the channel geometry in order to redirect and split the flow in a
microchannel. On the other part, thermal [46], optical [47] , magnetic [48], electrokinetic
[49][50] and acoustic based [28][51][52] micromixers are examples of active micromixers, and
they utilize external forces to break laminar flow and conduce toward fluid mixing.
An active micromixer that is acoustically driven was reported as a high viscosity fluids
mixer via bubble generation and acoustic streaming. However, the mixing time was stated 2-4
s that was pretty long for fast occurring chemical reactions [28]. And also a passive micromixer
was demonstrated mixing of moderate viscosity fluids, which is approximately 35 mPA s, but
the homogenous mixing happened at relatively high Re that is approximately 73.27 [53].
Another recent project is developed as a high viscosity micromixer, and this micromixer
utilizes acoustofluidic bubble inception and cavitation from the microchannel sidewalls [29].
They achieved to mix polyethylene glycol diacrylate (PEGDA) and deionized (DI) water
homogeneously within 100 milliseconds. However, in this method, high driving voltage (160
VPP) was required for bubble initiation and growth and it is not well controlled because of
random emergence of bubble initiation sites. Figure 2.2 demonstrates the schematic of
acoustofluidic micromixer [29]. Broad in scope, bubble nucleation and initiation requirements
were not adequate to achieve high viscosity fluids mixing. Since there are range of issues with
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current strategies, it is essential to be improved a new method for high viscosity micromixing
that is rapid and consistently homogeneous.

Figure 2.2 (a) Schematic of micromixer device and SEM image of the silicon master mold, (b) Cartoon
schematic of mixing two reagents when the bubble along the sidewall of the microfluidic channel collapses in
the presence of acoustic waves.
Source of the image : [29]

Various microfluidic platforms [54] use acoustic bubbles for different applications
including fluid manipulation [55], mixing [56], cell simulation [57]–[59], chemical gradient
generation [60] and particle separation [61]. In this Mixing High Viscosity Fluids via
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Acoustically Driven Bubbles project, we improved an acoustofluidic device in order to achieve
mixing high viscosity fluids by utilizing acoustically driven bubbles in the microchannel. This
micromixer device uses strong bubble oscillations events which are steady microstreaming and
jetting effects [54] in order to mix high viscosity fluids continuously and homogeneously. The
micromixer device achieves rapid and efficient mixing of clear and fluorescein dyed
polyethylene glycol (PEG) solutions at very low Re that is approximately 0.01. This
acoustically driven micromixer is simple to design and operation and can be used in various
lab-on-a-chip applications which need high viscosity fluids mixing under low Re numbers.

2.2 Experiments

Firstly, standard photolithography and replica molding techniques were used in order
to fabricate a single layer polydimethylsiloxane (PDMS) microfluidic device with a width,
depth and length of 250 µm, 100 µm, and 1.2 mm. Briefly, the silicon wafer, which is 4-inch,
was firstly pretreated with hexamethyldisilazane (HMDS) and to get our device design, it was
patterned with a positive photoresist (Megaposit SPR955, Microchem, USA). Deep reactive
ion etching (DRIE) was used to fabricate a silicon master mold since DRIE provides better
anisotropy. The surface of the silicon master mold with the desired pattern should be treated
by using chlorotrimethylsilane vapor (75-77-4, Alfa Aesar, USA). After this step, the silicon
master mold is ready to obtain PDMS microfluidic device. A 10:1 ratio of PDMS resin and
curing agent (Sylgard 184, Dow-Corning, USA) was mixed and poured onto the silicon master
mold. The silicon master mold with poured PDMS was cured by baking at 65 °C for 2hr. The
cured PDMS was removed from the silicon master mold. Inlets and outlets of the PDMS
microchannel device were opened by using a biopsy punch (Harris Uni-Core 0.75 mm, USA).
Then, the PDMS device and a glass slide (48404-454, VWR, USA), were treated with plasma
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treatment and in order to get strong bonding between the PDMS device and the glass slide, the
device waited overnight baking at 65 °C. To bond a piezoelectric transducer (90-4050, APC,
USA) next to the PDMS device, a thin layer of epoxy was used. A radio frequency signal
generator which is shown in Figure 1.11 and a radio frequency amplifier which is shown in
Figure 1.12 were used to drive the piezoelectric transducer at 60-100 VPP and 30-40 kHz. To
obtain operating frequency, the frequency was swept and observed the maximum mixing
performance of the device. Polyethylene tubes were used to insert into the inlets and the outlets
of the PDMS microfluidic device.
Fluids were injected into the PDMS microfluidic channel by using a computer
controlled syringe pump that is demonstrated in Figure 1.14. The flow rate of each fluid is fixed
at 5 µl/min. The center inlet of the device was connected to nitrogen tank with an inline pressure
regulator to generate bubbles. The pressure regulator was adjusted for optimum bubble
generation (1-10 psi). In order to collect bubble free mixed fluid, the device was designed with
a bubble free filter which is in front of the second outlet on the device. This bubble free filter
schematic is demonstrated in Figure 2.3.

Figure 2.3 Schematic showing the PDMS device. The device features three inlets and two outlets.
Outlet 2 is positioned in front of a comb structure (inset) in order to collect bubble-free mixed fluids.
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To capture images and videos of experiments, an inverted optical microscope that is
shown in Figure 1.13 was used. In order to demonstrate mixing performance of the device, 10
ml PEG-700 (455008, Sigma-Aldrich, USA) was mixed with 0.01 ml fluorescein powder and
injected into one of the side inlets. For fluorescence imaging, a mercury lamp and blue
excitation filter were used. Additionally, in order to indicate bubble generation into the channel
and its effect on fluid mixing, PEG-700 was mixed with food dye with a ratio of 20:1 (v/v) and
injected into the channel with PEG-700.

2.3 Results and Discussion
The schematic of the acoustofluidic micromixing device is shown in Figure 2.4-(a) and
the mixing behavior is based on the steady acoustic streaming and jetting effects between the
series of bubbles within the microchannel that is indicated in Figure 2.4-(b).
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Figure 2.4 (a) A schematic shows the acoustofluidic mixing device. A PDMS-based microfluidic channel and a
piezoelectric transducer are assembled on a glass slide. (b) Working principle of the acoustofluidic mixing
device is depicted as a cartoon illustration.
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Center inlet of the device is used for infusion of nitrogen gas generated bubbles. In our
experiments, we used PEG-700 solutions, which are highly viscous fluids in the side inlets at
5 µl/min flow rates. Nitrogen pressure was adjusted from 1 to 10 psi and obtained nitrogen
bubbles along the microchannel with desired frequency and sizes. Figure 2.5-(a)-(d) show the
bubble generation in a microchannel at 4 psi and 10 µl/min total flow rate. Figure 2.5-(d)
demonstrates that when the acoustic field is OFF, PEG-700, and PEG-700+food dye solutions
flow side by side without any mixing behavior after the bubble generation.

Figure 2.5 (a-d) Image sequence showing bubble generation in the PDMS microfluidic channel.

	
  
32	
  

On the other side, when we turn ON the acoustic field, three phenomena contribute to
high viscosity fluid mixing due to the bubbles.
First of all, when the acoustic field is ON, bubbles start oscillating depending on the
excitation frequency of the acoustic field and bubbles start to act like the focusing energy of
the acoustic energy [54], [62], [63]. A harmonic forcing on the fluid at the gas-liquid interface
is caused by these oscillations at this interface and the fluid responds this force. However, this
response is not harmonic because of the viscous dissipation of energy in the microchannel and
it results in a net fluid flow which is known as acoustic streaming [64]. Bubble acoustic
streaming is demonstrated in Figure 2.6-(a)-(d). When there is a strong acoustic streaming in
the PEG-700 solutions, it contributes to the mass transfer and in the end the fluid mixing.
Trapped bubbles cause acoustic streaming too, and it was demonstrated to achieve fluid mixing
[65][66]. Nevertheless, excitation of the trapped bubbles was kept to a small voltage (<20 VPP)
that is not enough to create enough streaming in high viscosity fluids. Trapped bubble systems
use small excitation voltages since they want to prevent bubble growth and unstable jetting
events that can block device, cause bubble escape and make the device unusable. For our highly
viscous system, we concluded that it was necessary to use high amplitude bubble oscillations.
Second, when we use high amplitude bubble oscillations, gas-liquid interfaces start
pulling and pushing fluids, and this helps to fluid mixing through liquid transfer across the
bubble. In Figure 2.6-(e)-(g), it is shown that there is a few of liquid forms a ligament that later
disconnects and forms a droplet inside the bubble when there are gas-liquid interface
oscillations. These droplets have high speed and by utilizing it they move and join to the liquid
at the other end of the bubble pocket. These bubbles give rise to droplet ejection events that
cause fluid mixing by transferring fluid from one side to the other and associated fluid flows.
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This droplet generation and ejection is an interesting and exciting finding that should be further
investigated for microfluidic static flow droplet generation or liquid-liquid phase separation.

Figure 2.6 (a-d) Bubble streaming flows were visualized between two bubble pockets using fluorescein dyed
(PEG 1) and clear (PEG 2) PEG-700 solutions at 80 VPP. As a result of bubble disintegration, smaller bubbles
and bubble clusters are formed between two bubble pockets and contribute to the mixing. (e-g) Liquid ligament
formation and droplet ejection occurs due to strong air-liquid interface oscillations

Third, there is also observed smaller bubbles and bubble clusters that erupt from the
large bubble pockets. These smaller bubbles and bubble cluster can be seen in Figure 2.6-(c)
and d. Steady acoustic streaming and jetting [67][68] was generated as a result of smaller
bubbles and bubble cluster across the channel width which induce fluid mixing. Additionally,
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both jetting and counter-rotating vortices which are estimated to rotate at 10,000 rev/s. [69]
were generated by a collapsing bubble. It is also reported that bubble cluster cavitation
generates jetting flows directed towards the center of the cluster on bubble-bubble interactions
[70]. In another research paper, it is reported that velocity of the jetting flow due a collapsing
bubble was estimated to be around 25 m/s [71]. For our study, we believe that high viscosity
fluid mixing ensues in consequence of the combination of acoustic streaming, droplet ejection
and bubble cluster eruption.
To illustrate the mixing performance of our acoustofluidic microdevices, we used
different concentrations of PEG-700 solutions, which can be seen in Table 2.1. In order to
perform mixing for each concentration, the PEG and PEG + fluorescein solution are injected
into PDMS device via two liquid inlets. In Figure 2.7-(a), PEG-700 (95.9 mPa s) with and
without fluorescein dye are injected into the channels and in the absence of the acoustic field,
it is not observed any significant fluid mixing between two flows. On the other hand, when we
turned the acoustic field ON, two fluids were mixed within 50 milliseconds that is
demonstrated in Figure 2.7-(b).
Grayscale profiles along the dotted line in Figure 2.7-(a)-(b) demonstrate homogenous
mixing along the channel width and it is shown in Figure 2.7-(c). Grayscale intensity plot was
normalized to 1.
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Solution

Viscosity

DI water

0.899 mPa s

50 % PEG 700

18.3 mPa s

67 % PEG 700

34.2 mPa s

77 % PEG 700

48.8 mPa s

83 % PEG 700

65.3 mPa s

90 % PEG 700

77.3 mPa s

PEG 700

95.9 mPa s

Table 2.1 Viscosity of different percentages of PEG-700 solutions
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Figure 2.7 (a) PEG-700 with and without fluorescein dye, and bubbles are smoothly flowing along the
microchannel in the absence of an acoustic field, displaying no significant mixing due to bubble generation. (b)
When the piezoelectric transducer is turned ON (~100 VPP), 100 % PEG-700 with and without fluorescein dye
are mixed in 50 milliseconds. (c) Grayscale intensity plot (normalized to 1) along the dotted lines in (a) and (b)
shows homogenous mixing after the acoustic transducer is turned ON.

	
  
37	
  

It was also examined the mixing profiles of the two fluids at different channel heights:
the bottom, middle and top of the channel. At these different heights of the channel, mixing
profiles indicates very similar intensity plots that suggest uniform mixing along the height of
the channel. In Figure 2.8, we demonstrated the mixing profiles for different channel heights.

Figure 2.8 Mixing results at different height of the microchannel. 100 % PEG-700 solution (95.9 mPa
s) was used to evaluate the mixing homogeneity at different channel heights. The top panel shows the mixed
Peg-700 solutions with and without fluorescein dye at the (a) bottom, (b) middle, and (c) top planes of the
microfluidic channel. The lower panel shows the fluorescent intensity profiles along the dotted red line with the
calculated mixing indexes.

In order to evaluate the mixing performance for each PEG-700 concentration
quantitatively, we used Equation 2.1[72]:

𝑀 =1−

E
F

(HI JHK )&
Equation 2.1

HK
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Where M is mixing index, n is the total number of points, Ii is the intensity of each point,
and Im is the average intensity. When M becomes 0, there is not observed a mixing behavior.
On the other side, for completely mixed fluid M becomes 1. If the mixing index value is 0.9 or
higher, this is an indication of homogenous mixing [53] [73]. In our work, we characterized
the mixing index value of seven different solutions with viscosity values varying from 0.899
mPa s for DI water to 95.9 mPa s for PEG-700 (Table 2.1). Even for the highest viscosity PEG700 solution, the mixing index value is calculated around 0.93 that demonstrate efficient and
rapid mixing of two highly viscous fluids. Figure 2.9 shows the mixing index value for different
viscosity fluids.

Figure 2.9 Calculated mixing index values for DI water and PEG-700 solutions with a range of viscosities.
Mixing index value for 100 % PEG-700 solution is found to be above 0.9
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In Figure 2.8, we also demonstrated that the mixing index value for the mixed fluids at
different heights of the channel was also found to be similar to each other. The Re number for
our high viscosity fluid system was also calculated and it was found approximately 0.01 that is
significantly lower when we compare with prior high viscosity micromixers [74] [53].

2.4 Conclusion

As a conclusion, we demonstrate and acoustofluidic micromixer which achieves mixing
two highly viscous fluids (95.9 mPa s) within 50 milliseconds. This highly viscous PEG-700
solution is approximately 106 times more viscous that DI water (0.899 mPa s). For our Mixing
High Viscosity Fluids via Acoustically Driven Bubbles project, we utilized a three-inlet PDMS
microchannel. We injected high viscosity fluids from the side inlets, and nitrogen bubbles were
introduced in the center inlet into the PDMS microchannel. When we turn the acoustic field
ON, seven different solutions were mixed successfully, and the resulted mixed fluids were
analyzed quantitatively by calculating the mixing index value (M). When the highest viscosity
fluids (%100 PEG-700) solutions were mixed, the mixing index value is found to be
approximately 0.93. As a summary, we reported a high viscosity fluid mixing in a low
Reynolds number system and our acoustofluidic micromixer device had many desirable
properties, for example, simple fabrication, low cost, on-demand and easy operation. These
desirable properties make our micromixer device ideal to integrate into other lab-on-a-chip
systems. Therefore, this acoustofluidic micromixer can be utilized in different on-chip
applications such as sample preparation, diagnosis, biochemical reaction and chemical
synthesis.
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Chapter 3
Acoustically Driven in situ Fabricated Artificial Cilia

3.1 Introduction

3.1.1 Cilia in Nature
Nature has many different ways in order to create fluid flow, and most of them are for
animal propulsion for example, flying or swimming. Flapping wings of birds or waving tails
of fishes are examples for larger scales. When we look at the smaller scales, cilia or flagella
are used for fluid manipulation by nature. Cilia and flagella are organelles with the almost same
structure, yet flagella are longer and fewer than cilia, and they are observed in eukaryotic cells
[75]. Cilia (Figure 3.1) are a hair-like structure or flexible rods which are about 5-10
micrometers (µm) long and about 0.2 micrometers (µm) in diameter [76]. Cilia cover the outer
surface of the microorganisms and Figure 3.2 demonstrates a single celled organism, which is
called Paramecium Bursaria that covered with cilia.

Figure 3.1 Scanning electron microscope images of biological cilia from an epithelial cell culture
Source of the image: http://cismm.cs.unc.edu/research-collaborations/lung-cluster/microfluidic-andbiomimetic-ciliary-systems/biomimetic-cilia/
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Figure 3.2 Paramecium Bursaria: Single celled microorganism which is covered with cilia
Source of the image: http://www.micromagus.net/microscopes/pondlife_protozoa02.html

One of the important and exciting functions of cilia is fluid manipulation. Cilia can
generate cell locomotion, for example, Paramecium Bursaria’s (Figure 3.2) outer surface
contains cilia and cilia move back and forth in order to propel the microorganism through the
water. Another role of cilia is transporting fluid across the cell surface, for instance, epithelial
cilia (Figure 3.1) which are on the inner side of the airway plays a role in carrying mucus out
of the trachea duct.
Additionally, sensing is another important function of cilia, and they are also used for
detecting physical and chemical signals. Cilia are present in the human body, and they have
different functions at different locations, which can be seen in Figure 3.3. For example, cilia
cover the fallopian tubes of females and cilia help move the fertilized ovum from the ovary to
the uterus. Also, cilia are found in the kidney where they act as a flow sensor and also found
in the lungs and take a place to transport mucus there.
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Figure 3.3 Cilia and flagella in the human body. (a) Several locations at which cilia can be found [77] (b)
Sensing cilia in the cochlear [78](c) Spermatozoid and ovum. (d) Cilia in the Fallopian tube [79] (e) Cilia in the
trachea (windpipe), and (f) in the lungs, Source: http://remf.dartmouth.edu/imagesindex.html

Cilia are present in several locations in human body and it grabs the attention of
researchers, and they try to understand the role and the functions of cilia [77]. Most recently,
it is discovered that cilia have a role in neuron transportation in the brain [80]. Scientists try to
understand the importance and the critical role of cilia in the human body since cilia
dysfunction can cause various symptoms such as kidney diseases or infertility.
Since cilia have a small size, cilia operate in the low Re number regime, that the viscous
fluid forces dominate to the inertial forces, in nature. When there is a low Re number regime,
turbulence is not observed and fluid flow is generally reversible. For this reason, it cannot be
easy to explore how cilia perform and how its function. For instance, cilia play a transporter
role in human lung, and it moves mucus out of the lung. However, it is not clear the mechanism
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of cilia is in order to get such transport done. Therefore, it is essential to mimic cilia kind of
structures in order to understand their mechanisms and functions.
There has been increasing attention on artificial cilia structures by MEMs and
microfluidic communities since it has a wide application potential such as sensors [81][82],
actuators [83]–[85]. There are also examples of high aspect ratio polymer rods which were
produced with elastic materials [86][87]. Nevertheless, these works are not suitable for
actuation because of their stiffness. Microstructures made of softer materials have been
introduced later [88][89] yet they are unstable at aspect ratios 3 to 5.
At this work, we presented high aspect ratio (~1/5) artificial cilia structures, which is
approximately 170 µm in heights and 35 µm in diameter. Our cilia array is actuated by acoustic
field, so our design does not need additional structures such as magnetic particles or structures
for actuating. Our fabrication technique, in situ fabrication, is the first time used for the cilia
fabrication, and it is a quite fast process.

3.2 Experiments

First, in order to fabricate a single layer polydimethylsiloxane (PDMS) microfluidic
channel, we used standard photolithography and replica molding techniques. The PDMS
channel has dimensions with a width, depth and length of 250 µm, 180 µm, and 1.2 mm. A 4inch silicon wafer was pretreated with hexamethyldisilazane (HMDS) and in order to pattern
device design, a positive photoresist (Megaposit SPR955, Microchem, USA) was used. To
fabricate silicon master mold, deep reactive ion etching (DRIE) was utilized.
Chlorotrimethylsilane vapor (75-77-4, Alfa Aesar, USA) was used to treat the surface of the
silicon master mold. After all these steps, a 10:1 ratio of PDMS resin and curing agent (Sylgard
184, Dow-Corning, USA) were mixed and poured onto the silicon master mold. The silicon
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master mold with poured PDMS was cured at 65 °C for 2 hours. Then the PDMS layer was
peeled off from the silicon master mold and biopsy punch (Harris Uni-Core 0.75 mm, USA)
was used to open inlets and outlets of the PDMS device. Plasma treatment process was
performed to bond the PDMS device and a glass slide (48404-454, VWR, USA) and finally
the device waited overnight baking at 65 °C to obtain a strong bond. A piezoelectric transducer
was bonded (81-7BB-27-4L0, Murata Electronics, Japan) next to the PDMS device by using a
thin layer of epoxy. Figure 3.4-(a) demonstrates the device schematic.

Figure 3.4 (a) Schematic of fabrication and actuation set up (not to scale). A mask and an objective lens are
used for patterning and focusing UV light, respectively. (b) Schematic of artificial cilia. (c) Schematic of
acoustically actuated artificial cilia. When the acoustic field is present, artificial cilia structures oscillate.

	
  
45	
  

Figure 3.5 Our PDMS microdevice

For in situ artificial cilia fabrication, we used a mercury lamp (Intense Light C-HGFI,
Nikon, Japan) in order to provide the white light source. To control exposure time, we utilized
a computer controlled mechanical shutter (LB-SC, Sutter Instrument Company, CA, USA). In
our experiment the exposure time is 100msec. For the in situ fabrication of artificial cilia into
the PDMS channel, an inverted microscope (Figure 1.13) with a 20x objective lens and a filter
cube was used. The ultraviolet (UV) light entered our PDMS microchannel and polymerized
intended artificial cilia design. Our cilia design took place on a transparent photomask, and the
transparent photomask is placed into the field-stop slop of the inverted microscope. We used a
solution to fabricate artificial cilia structures into the PDMS microchannel. This solution is
consisting of 40% (v/v) polyethylene glycol (PEG) diacrylate with a molecular weight of 700
(PEG700, Sigma-Aldrich, MO, USA), 25% (v/v) PEG with a molecular weight of 258 (PEG
258, Sigma-Aldrich, MO, USA), 15% (v/v) photo-initiator 2-Hydroxy-2-methyl-1- phenylpropan-1-one (Darocur 1173, from Ciba), 15% (v/v) TE buffer (100 TE, from OmniPur), and
finally 5% (w/v) Rhodamine 6G. We injected the solution into the PDMS microchannel
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through the inlet by using a 1 ml syringe and wait 5 minutes in order to stop the solution flow
into the channel. The artificial cilia pattern in the photomask was aligned, and UV light is
exposed and polymerized to obtain cilia structure inside the microchannel (Figure 3.4-(a)-(b)).
After all fabrication processes, we washed away the unpolymerized solution in the
PDMS microchannel with an ethanol solution, and there is not a shape deformation of artificial
cilia observed. Our artificial cilia structure is able to oscillate in the presence of acoustic field.
After the in situ artificial cilia fabrication into the PDMS microchannel, a radio
frequency signal generator (Figure 1.11) and a radio frequency amplifier (Figure 1.12) were
used to drive to the piezoelectric transducer at 100-150 mVPP and 5-6 kHz. In order to get the
operating frequency, we swept the frequency and found the maximum mixing performance of
the device. We inserted polyethylene tubes the inlets and outlets of the PDMS microfluidic
device. We injected fluids into the channel by using a computer controlled syringe pump
(Figure 1.14), and we fixed the flow rate of each fluid at 5µm/min.
In order to capture images and record videos of experiments, we used the inverted
optical microscope (Figure 1.13). For the demonstration of mixing performance of the
microfluidic device, 10 ml DI water was mixed with 0.01 ml fluorescein powder and we inject
them into the channel via inlets. In order to have fluorescence imaging, a mercury lamp and
blue excitation filter were utilized.
3.3 Results and Discussion

We fabricated artificial cilia structures into the PDMS microchannel with a high aspect
ratio (~1/5) which approximately 170 µm in heights and 35 µm in diameter (Figure 3.6-(b)).
Figure 3.6-(a) and (c) demonstrate our artificial cilia structures into the PDMS microchannel.
In situ fabrication method for artificial cilia does not require photolithography or complex,
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specialized equipment. Therefore, it is rapid, inexpensive and allows us to produce high aspect
ratio cilia arrays into the PDMS microchannel in seconds. Since we are using the acoustic field
to actuate our artificial cilia array, we do not need to embed any magnetic particle inside the
cilia as previous works done [90][91].

Figure 3.6 (a) Artificial cilia array demonstration into the PDMS microfluidic channel (b) High aspect ratio
artificial cilium (c) Different cilia orientation in the PDMS microfluidic channel
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We tried to obtain different cilia designs to improve the mixing performance of the device.
Figure 3.6-(c) demonstrates the design that we observed the higher performance of mixing.
In the presence of externally applied the acoustic field, our artificial cilia array starts to
oscillate and deflect. This deflection of artificial cilia structures (Figure 3.8) into the PDMS
channel help us to create mass transfer which breaks laminar flow interface and induce mixing.
When we injected two different solutions via inlets and turned the acoustic field on, mass fluid
transportation causes mixing into the channel.

Figure 3.7 Cilia deflection- voltage series

In order to demonstrate mixing profile of our artificial cilia device, we try to mix DI
water and DI water + fluorescein solution. DI water and DI water + fluorescein solutions are
injected into our PDMS microchannel by using two inlets. In the absence of the acoustic field,
there is not observed fluid mixing between two laminar flows. However, when the acoustic
field is turned ON, two fluids (DI water and DI water + fluorescein) are mixed. Figure 3.8-(a)
and (b) demonstrate the mixing performance of the artificial cilia device.
We also demonstrate the gray scale profile of homogenous mixing along the channel
width, which is shown in Figure 3.8-(c). We normalized the gray scale intensity plot to 1.
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Figure 3.8 (a) DI water with and without fluorescein dye flowing along the microchannel in the absence of an
acoustic field, displaying no significant mixing. (b) When the piezoelectric transducer is turned ON, fluids are
mixed in 100 milliseconds. (c) Grayscale intensity plot (normalized to 1) along the dotted lines in (a) and (b)
shows homogenous mixing after the acoustic transducer is turned ON.
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We also evaluate the mixing performance of our artificial cilia device by using
following equation [65]:

𝑀 =1−

E
F

(HI JHK )&
Equation 2.1

HK

Where M is mixing index, n is the total number of points, Ii is the intensity of each point,
and Im is the average intensity. When M becomes 0, there is not observed a mixing behavior.
On the other side, for completely mixed fluid M becomes 1. If the mixing index value is 0.9 or
higher, this is an indication of homogenous mixing [53] [73]. In our work, we characterized
the mixing index value of DI water (0.899 mPa s) and the mixing index value is calculated
around 0.9. This mixing index value represents the efficient mixing of two fluids in the
microchannel.

3.4 Conclusion

Consequently, in this work, we indicated in situ fabrication method for artificial cilia
array and a possible application for our artificial cilia device, which is mixing. Our fabrication
does not require complicated setups and gives high aspect ratio cilia structures as a result. We
are able to actuate our cilia array by using a simple transducer. We utilized our artificial cilia
as a micromixer, and achieved mixing two fluids within 100 milliseconds. For our acoustically
actuated artificial cilia project, we used a two-inlet PDMS microchannel, and we injected our
fluids from inlets. When we turned the acoustic field ON, we observed deflection of cilia array
and this deflection helped us to mix two fluids in the microchannel. On the other hand, when
the acoustic field was turned OFF, it was not observed any significant actuation and mixing in
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the microchannel. We also analyzed the mixing results quantitatively and calculated the mixing
index value (M) that is found around 0.9. In summary, we reported a high aspect ratio cilia
fabrication method and a possible application for our artificial cilia array.
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