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ABSTRACT 

 

As being one of the contactless and label free methods in microfluidics, 

acoustofluidics has provided great benefits to the researchers in terms of cell/particle 

analysis, separation, and screening. This recent technology uses the particle handling 

phenomenon of acoustics wave in microfluidic platforms and lets scientists benefit 

contact-free and effective particle and cell manipulation in the field of microfluidics. 

Throughout this study, four different acoustofluidic platforms have been designed, 

fabricated and tested to promote the abundant usage of acoustofluidics technology. 

The first and second chips were designed to enable cell/particle position change in 

an acoustic microfluidic chip since position of particles/cells inside the acoustofluidic chip 

is strictly dependent on the channel geometry and it is fixed once the microfluidic platform 

is fabricated. To solve this restriction, fluidic boundary needs to be separated from the 

acoustic boundary. In the first study, acoustofluidic platform with two adjacent 

microchannels were designed. One of the microchannels was used to flow particles/cells, 

and second microchannel with staircase structure was used to change the position of 

particles/cells inside the main microfluidic channel by changing the effective channel 

width. Using this chip we successfully demonstrated the particle position change inside 

the main microfluidic channel. The second acoustofluidic platform was designed and 

fabricated by filling the side of microfluidic channel with a transparent material, 

polydimethylsiloxane (PDMS) so that position of acoustic pressure nodes can be adjusted 

depending on the width of the PDMS slab. By the help of soft-lithography techniques 
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PDMS wall could be successfully integrated into side of the microfluidic channel in a cost-

effective manner since previous studies required expensive equipment such as laser to 

integrate the PDMS slab. Fabrication of this acoustofluidic chip was implemented and 

yielded successful results of particle manipulation by the help of acoustophoresis when 

tried with different types of particles. In the third acoustofluidic chip flow control 

capability for on-chip laboratory studies was enabled since acoustofluidic platforms lack 

on-chip flow control attribute. For that reason, microvalves were designed and integrated 

into acoustofluidic platform so that scholars who study particle/cell manipulation 

requiring on-chip flow control can benefit and modify this method. This platform was also 

successfully fabricated and used for on-chip culture medium exchange to enable intra-

droplet cell culture. The last platform was to integrate acoustofluidic technology with 

droplet microfluidics so that acoustic platforms can take advantage of droplet 

microfluidics since they provide efficient cell screening, high throughput, and ability to 

run parallel experiments. Outcome of fabricating this chip was also rewarding and 

preliminary experiments to test this platform showed promising results for future works. 

To summarize, since acoustofluidics is an emerging and rapidly growing 

technology and science field in last two decades some of the limitations arose in this 

technology. Those restrictions are addressed in the following sections and alternative 

fabrication methods to solve those restrictions and the outcome of those methods are 

discussed.  
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1. INTRODUCTION  

 

1.1. Theory of Acoustophoresis 

An acoustic wave can be defined as longitudinal and mechanical wave resulting 

from an oscillation of pressure where at longitudinal wave propagation direction is same 

with vibration direction. Similar to the other waves wavelength of an acoustic wave is the 

distance between the two equilibrium points and shown as: 

𝜆 =
𝜐

𝑓
      (1) 

Where ‘𝜐’ represents the speed of sound inside the medium sound propagates and ‘f’ is 

the frequency of the sound wave. 

An acoustic wave can be shown as a function of time: 

𝑓(𝑡) = 𝐴 sin(𝜔𝑡 + 𝜙)     (2) 

 

Where `A` denotes the peak value of the function, `ω` is 2πf as angular frequency and `Φ` 

is the phase shift of the acoustic wave. King [1], Yosioka and Kawasima [2] have studied 

the theory of acoustic wave forces on spherical objects. The force exerted on a spherical 

particle is called acoustophoretic force and can be shown as: 

𝐹𝑎 = − (
𝜋𝑝2𝑉0𝛽𝑠

2𝜆
) 𝜙(𝛽, 𝜌) 𝑠𝑖𝑛(2𝑘𝑦)     (3) 

 

Where `p` is defined as the acoustic pressure amplitude, and `V0` is volume of the particle, 

`βs` is compressibility of the medium surrounding the particle, `λ` is wavelength of the 
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acoustic wave, ̀ k` is the wavenumber, and ̀ Φ` is the acoustic contrast factor. And acoustic 

contrast factor is expressed as: 

𝜙(𝛽, 𝜌) =
5𝜌0−2𝜌𝑠

2𝜌0+𝜌𝑠
−

𝛽0

𝛽𝑠
     (4) 

 

Where `β0` is compressibility of the particle, and `ρ0` is the density of the particle, `ρs` is 

the density of the medium.  Depending on acoustic contrast factor being positive or 

negative, the position where particles migrate changes. If it is positive the particles move 

to the position where the amplitude of the acoustic wave motion is thought to be zero.  

Otherwise they migrate to the locations where the amplitude of motion is high. The 

position where motion is zero is called acoustic pressure node and the nodes where 

acoustic wave motion is thought to be maximum is are called acoustic pressure anti-nodes. 

This phenomenon was illustrated in Fig. 1.1 by defining the half sinusoidal wavelength 

between two solid walls. 

 

 

Figure 1.1 Illustration of particle migration to acoustic pressure nodes 
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1.2. Principles of Acoustofluidics 

As a science and technology microfluidics deals with the fabrication of channels 

with dimensions in micrometer-scale, and also interested in flow and manipulation of 

liquids and suspended particles/cells in small amount of liquids in those fabricated 

channels [3, 4]. Fabricating the channels in micro scale let scientists take advantage of 

neglecting the physical forces in macro-scale [5]. The advantages for using microfluidic 

devices are easy, low-cost fabrication, high-throughput capabilities, low consumption of 

media, cells, and flexibility based on the analyzed particle/cell size.  Integration of external 

fields such as dielectric field, magnetic field, and acoustic field let researchers manipulate 

particle/cells precisely. The integration of those fields is very useful for different type of 

applications like particle/cell property analysis, sorting, and enrichment. To mention some 

of them: dielectrophoresis [6, 7], magnetophoresis [8, 9], hydrodynamic separation [10, 

11], and acoustophoresis [12].  

As being one of the methods used in microfluidics, acoustofluidics deals with the 

application of acoustic waves in microfluidic environments so that migration with sound 

so called acoustophoresis is implemented [13]. Acoustophoresis is a contactless and label-

free method to manipulate particles/cells based on their physical properties like size, 

shape, density, and compressibility [14]. Some of the applications using acoustofluidics 

in the literature are positioning and trapping of cells [15, 16, 17, 18], streamline focusing 

of particles [19, 20], cell-property analysis using flow cytometry [21, 22], particle property 

analysis [23, 24]. Besides that, acoustophoresis method was combined with other 

microfluidics techniques. To name a few: dielectrophoresis [25, 26], droplet microfluidics 
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[27, 28, 29, 30]. Another application to employ acoustofluidics is used for isolating 

exosomes from cells [31]. It is important to note that in this study Wu et. al. achieved a 

throughput of 4 microliter per hour (L/h) and the separation efficiency of the microfluidic 

chip was ~98% as being a good example of high throughput and efficiency of 

acoustofluidic platforms. 

To date a variety of particle and cell manipulation applications have been 

developed using bulk acoustic wave (BAW)-based acoustofluidic systems. The principle 

of those systems lies on the phenomena that particles passing through acoustic resonance 

field, namely acoustic standing wave created between the two side channels of a 

microfluidic channel functioning as half-wavelength resonators, move towards positions 

in the microfluidic channel called acoustic pressure nodes and/or anti-nodes depending on 

their acoustic contrast factor. Depending on the frequency applied through the 

piezoelectric transducer generating the acoustic wave, these acoustic pressure nodes are 

generated in the ½ position, ¼ and ¾ positions, and so on of the microfluidic channel 

width. The major benefits of bulk acoustofluidic technology is that it can provide 

contactless and label-free manipulation of particles, including cells, in microscale 

applications with extremely simple microstructures and instrument setup. 

 Acoustofluidic devices are generally called as acoustic resonators. The first type 

of acoustic resonator is surface acoustic wave (SAW) resonator. In this resonator-type, 

electrodes (interdigitated transducers-IDTs) are fabricated on the piezoceramic substrate 

such as lithium niobite (LiNbO3) [32] and the channel structure is made of materials which 

have similar acoustic impedance with water such as PDMS. The reason for choosing low 
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acoustic impedance material is to minimize the loss based on channel geometry. As 

illustrated in Fig. 1.2 SAW resonators consist of at least two IDTs on each side and a 

channel structure between those transducers. The acoustic wave is generated by those 

IDTs and depending on the wavelength of the acoustic wave and the size of  the 

particles/cells  they are manipulated to certain positions inside microfluidic channel. 

 

 

Figure 1.2 Illustration of Surface Acoustic Wave Resonator (Redrawn from Ref [33]) 

 

 

As being one of the other two acoustic resonator types, layered acoustic resonators 

as shown in Fig. 1.2, are usually configured as a resonance channel with geometrically 

designed layers, such as reflector layer, fluid layer, transmission layer and coupling layer 

and they are referred as planar resonators. Each layer thickness needs to be accordingly 

designed so that wave can travel with little or no loss. The transducer at the bottom 

generates the acoustic wave by vibrating at certain frequency and voltage. Coupling layer 

plays a role to transmit the wave from the transducer to the chip. The bottom of the 

resonator channel is formed by the matching serving also as the acoustic wave reflector. 

IDT
IDT

Piezoceramic

Substrate

Microfluidic

Channel
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The medium layer carries the particles or cells which are suspended in the liquid. The top 

of the resonator chip is formed by the reflector layer and its role to reflect the acoustic 

wave. In some cases, second transducer can be employed instead of reflector layer so that 

acoustic wave can be generated at the same frequency from both sides. Therefore, 

resonance will occur inside the channel. Using this method will let researcher change the 

particle/cell position inside the channel. The matching layer and reflector need to have 

quarter wavelength thickness as shown in Fig.1.3A and the fluid layer should be kept at 

half wavelength thickness to minimize the acoustic attenuation [34]. And the whole body 

should operate near fundamental resonance frequency of the transducer. 
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Figure 1.3 Illustrations of the different configurations of acoustic resonators: (A) Layered 

resonator, (B) Transversal resonator (Redrawn from Ref [33]) 

 

Second configuration type for acoustic resonators is transversal resonator. In this 

configuration the acoustic wave is formed perpendicular to the generation direction of the 

transducer. Using this method will let the acoustic wave be reflected between the sidewalls 

of the fluidic channel. This is realized by vibrating the whole chip as one body. Because 

of that material selection is limited to avoid the acoustic attenuation loss. In these resonator 

systems materials with high acoustic impedance, Z, such as glass, silicon, polymethyl-

methacrylate (PMMA), and metals are preferred so that loss can be minimized. As 

Reflector layer

Fluid layer

Matching layer

Coupling layer
Transducer

(2n+1)λ/4

n• λ/2

(2n+1)λ/4

Layered Resonator

A

Reflector layer

Fluid layer

Matching layer

Coupling layer
Transducer

Transversal Resonator
B
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illustrated in Fig.1.3B these resonator systems are not affected by the thickness of each 

layer. 

As mentioned above, acoustic impedance of the material is denoted by Z and 

calculated by multiplying the density of the material by transversal speed of sound in that 

material: 

𝑍 =  𝑐      (5) 

Table 1.1 provides the acoustic impedance of most commonly used materials in 

acoustofluidics. It is important to note that while planar resonators may use low acoustic 

impedance materials such as polydimethylsiloxane (PDMS), the transversal resonator 

requires usage of high acoustic impedance materials such as silicon and glass.  

 

Table 1.1 Density, speed of sound and characteristic acoustic impedance of most 

commonly used materials in acoustofluidics (Reprinted from [33]) 

Materials Density (kgm-3) Speed of sound 

(ms-1) 

Acoustic Impedance 

(106 kgm-2s) 

PZT (Piezoceramic) 7700 4000 30.8 

Silicon 2331 8490 19.79 

Borosilicate Glass 2230 5647 12.59 

Steel-stainless 347 7890 5790 45.68 

Polymethacrylate 1150 2590 2.98 

Polydimethylsiloxane 965 1119 (5:1) 1.08 

H2O(25C) 997 1497 1.49 
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Though PDMS is also used as a structural material in this work to fabricate acoustic 

microfluidic platform silicon and borosilicate glass was the main substrates while 

fabricating acoustofluidic chips because of their high acoustic impedance. 

Here it is worth note that acoustofluidics can employ high throughput separation 

in microfluidics without sacrificing the separation efficiency unless other microfluidic 

techniques. The following table summarizes the separation efficiency and throughput 

values of conventional methods in microfluidics. As shown in Table 1.2 comparison of 

efficiency and throughput of microfluidic methods. Even though acoustofluidics has the 

second highest throughput it is more advantageous than immunoaffinity methods since  

this method makes contactless and label-free separation possible without necessity of 

antibody efficacy studies. Also, it must be pointed out that in this comparison 

acoustofluidics use the SAW based acoustic microfluidic platform for whole-blood 

separation into exosomes, red blood cells, and white blood cells. 
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Table 1.2 Comparison of different exosome separation methods in microfluidics and 

their separation performance (Reprinted from [35]) 

 

Microfluidic Methods Isolation principle Yield (%) Purity (%) Throughput 

Microfluidic 

immunoaffinity 

(ExoChip) [36] 

Antibody capture 42–94 87–97 8–16 μl/min 

Dielectrophoretic (DEP) 

Separation [37] 

Size, polarizability, 

and 

dielectrophoretic 

force 

Not 

described 

Not 

described 
~30 min 

Ciliated micropillars 

Isolation [38] 
Size difference 15–60 

Not 

described 
~10 min 

Deterministic lateral 

displacement (DLD) [39] 
Size difference 

Not 

described 

Not 

described 

0.1–0.2 

nL/min 

Acoustofluidics [31] 
Size and acoustic 

contrast factor 
~82 ~98 4 μL/min 

 

 

1.3. Objective of the Work and Chapter Outlines 

It is undeniable that microfluidic platforms are exploited extensively in life science 

research and medicine because of their portability, requiring small volume of sample and 

allowing rapid diagnostics [40]. As being one of the popular methods in microfluidics 

acoustofluidics has been worked extensively because of its high-throughput and label-free 

manipulation. Being used intensively let researchers report some limitations of those 

platforms depending on geometrical parameters, material selection, etc. Dependency and 

uncertainty of geometrical and material parameters in these platforms made experimental 
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characterization inevitable so that their successful application to manipulate cells or 

particles can be characterized [41].  

The aim of this study to eliminate some of the limitations in acoustofluidic 

platforms suffer by using either new fabrication techniques or integrating conventional 

microfluidic methods into acoustofluidic platforms and characterize successful operation 

of those platforms by running experiments. The next chapter mentions about a very 

common limitation which acoustofluidic devices suffer. since acoustic pressure nodal 

planes are fixed in an acoustic microfluidic chip geometry dependence of acoustofluidic 

platforms limits its plentiful usage. In that manner, acoustofluidic platform was designed 

to have different acoustic pressure nodal planes so that the particles can be dragged into 

different nodal planes. In that chapter, design considerations for acoustofluidic platforms 

with different channel dimensions are mentioned and experimental results of successfully 

fabricated acoustofluidic device with varying pressure nodal positions are summarized.  

The third chapter provides an alternative method to solve the limitation mentioned 

in the second chapter. In this method acoustic boundary is decoupled from the fluidic 

boundary by implementing appropriate fabrication methods. For that purpose, simulation 

using the finite element analysis method was run to assess preliminary data of acoustic 

pressure nodal planes after PDMS wall integration. Following the simulation, a novel 

method to integrate PDMS wall into acoustofluidic platform using soft lithography was 

summarized and the successfully fabricated acoustofluidic chip was tested using positive 

acoustic contrast and negative acoustic contrast particles. 
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In the fourth chapter another attribute which acoustofluidic platforms require was 

discussed. Bulk acoustic wave (BAW) based acoustofluidic platforms lack of on-chip flow 

control since they are made of high acoustic impedance materials such as silicon and glass. 

To provide on-chip fluid flow control microvalves were integrated into the acoustofluidic 

platform. Fabrication steps to integrate microvalve structure were summarized and 

experimental characterization of this platform was successfully implemented by trapping 

hydrogel droplets inside an acoustofluidic platform and changing the surrounding medium 

by operating the microvalves. 

Fifth chapter mentioned the design consideration of an acoustofludic platform 

which is capable of particle manipulation inside droplets. To generate droplets, T-junction 

droplet generator was integrated into an acoustofluidic platform so that acoustofluidic chip 

could take some advantages of droplet microfluidics such as high throughput, being 

scalable, and being capable of running simultaneous experiments [42]. In that 

acoustofluidic platform positive acoustic contrast particles were encapsulated by an 

aqueous phase droplet and oil was used as spacer between each droplet. Acoustofluidic 

device with droplet generator was successfully fabricated and functionality was confirmed 

at different acoustic wave modes. 
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Figure 1.4 Experimental setup to run the acoustofluidic experiments 

 

The experimental setup to test the fabricated acoustofluidic platforms was 

illustrated in Fig. 1.4. The setup consists of imaging, flowing, acoustic generation, analysis 

equipment. For imaging purposes upright fluorescence microscope (Nikon Inc, NY, USA) 

and high-speed camera (Hamamatsu Orca-Flash4.0, Japan) were operated. To flow 

particles/cells syringe pumps (Chemyx Fusion 200/400, TX, USA) were run to push the 

fluid inside the syringes and once the fluid with cells/particles passes through the 

microfluidic platform it was collected in a small vial or tube. Microscopic images were 

analyzed on a desktop computer which NIS software was installed into. To generate the 

acoustic waves function generator (Tektronix AFG3021B, OR, USA or Rigol DG4202, 

OR, USA) was connected to a power amplifier (ENI 2100L Linear Power Amplifier, Bell 

Electronics, WA, USA) so that PZT can be actuated. 
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2. ACOUSTOFLUIDIC MICRODEVICE FOR ROBUST CONTROL OF 

PRESSURE NODAL POSITIONS 

 

2.1. Introduction 

To date a variety of particle and cell manipulation applications have been 

developed using bulk acoustic wave (BAW)-based acoustofluidic systems. The principle 

of those systems lies on the phenomena that particles passing through an acoustic 

resonance field, namely acoustic standing wave created between two side channels of a 

microfluidic channel functioning as half-wavelength resonators, move towards positions 

in the microfluidic channel called acoustic pressure nodes and/or anti-nodes, depending 

on their acoustic contrast factor. Depending on the frequency applied through the 

piezoelectric transducer generating the acoustic wave, these acoustic pressure nodes are 

generated in the ½ position, ¼ and ¾ positions, and so on of the microfluidic channel 

width. The major benefits of bulk acoustofluidic technology is that it can provide 

contactless and label-free manipulation of particles, including cells, in microscale with 

extremely simple microstructures and instrument setup. Thanks to these benefits, this 

technology has been widely used in applications ranging from cell separation [1, 2], oil 

droplet separation [3], cell property analysis [4, 5, 6], and cell trapping [7]. Additionally, 

this technology has been combined with other available microfluidic technologies, such 

as droplet microfluidics [8, 9] and electrophoresis [10], for more complex assays to be 

performed in microfluidic format.  
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To actuate bulk acoustofluidic microdevices, a piezoelectric transducer typically 

attached to the backside of a microfluidic channel is excited at the resonant frequency that 

matches the acoustic wavelength of the width of the microchannel. At this resonant 

frequency, particles passing through the acoustic resonance field move towards the 

acoustic pressure nodes or anti-nodes based on their density and compressibility in 

comparison to those properties of the surrounding media. If the particles have a positive 

acoustic contrast factor, they move towards the acoustic pressure node where the 

amplitude of motion is zero. On the other hand, if particles have a negative acoustic 

contrast factor, they move towards the acoustic pressure anti-node where the amplitude of 

motion is maximum. This allows particle and cell manipulation to be conducted very 

easily. However, one of the biggest limitations of this technology is that the location of 

the acoustic pressure nodes is fixed, in a sense that they can only be formed at the ½ 

(primary) or ¼ & ¾ (secondary) positions (or even 1/6 in the case of tertiary pressure 

nodes, but not commonly used as the force is significantly weaker) in a given microfluidic 

channel when the primary, secondary, and tertiary acoustic resonance frequencies are 

applied. Thus, this technology cannot be used to manipulate cells and particles to any 

position desired within a microfluidic channel, thus somewhat limiting its flexibility and 

application areas. More flexible capability in controlling the location of the acoustic nodal 

positions will enable changing the location of particles and cells inside a microchannel 

more freely, and make applications that require better control over the location of particles 

and cells in a given microchannel easier to be implemented.  
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The possibility of moving particles to a position other than the fixed acoustic nodal 

lines through decoupling the physical microfluidic boundary from the acoustic wave 

boundary has been demonstrated [11]. In that study, an acoustically transparent thin 

sidewall was created within the silicon microfluidic channel by filling part of the 

microfluidic channel with a polydimethyl siloxane (PDMS) structure, removed by laser 

cutting, so that the fluidic boundary created by the PDMS sidewall could be decoupled 

from the acoustic boundary created by the silicon microfluidic channel sidewall. This was 

possible because PDMS is relatively transparent to acoustic wave. By adjusting the width 

of this PDMS structure inside the silicon microfluidic channel, the effective position of 

the acoustic nodal position could be adjusted within the flow channel, where the actual 

acoustic nodal position is fixed by the two sidewalls of the silicon microchannel but the 

microfluidic channel width is reduced by the width of the PDMS structure within the 

microfluidic channel. Another reported method is the use of a bypass channel (so-called 

echo-channel) adjacent to the main flow channel that allowed the acoustic pressure nodes 

and anti-nodes to be dynamically tuned depending on what medium is filling the echo-

channel [12]. Here, the main flow channel was physically separated from the echo-channel 

by a thin side wall (less than 20 μm in width), at the same time being almost transparent 

to the acoustic wave. Thus, the combined width of the main channel and the echo-channel 

becomes the effective channel width, while the flow channel is defined by walls of the 

main flow channel. By filling this echo-channel with medium having different densities, 

and thus changing the speed of sound wave, it was possible to create an acoustic pressure 

node in any location within the main channel. Although overcoming many limitations of 



 

23 

 

conventional bulk acoustofluidics, changing the location of cells and particles along the 

flow direction of the channel is still not possible, as the locations of the acoustic pressure 

nodes are still fixed and cannot change along the flow direction of a microfluidic channel.  

Here, we present a bulk acoustofluidic device where the echo-channel has different 

widths along the flow direction of the main channel, essentially changing the effective 

acoustofluidic channel width along the flow direction. This allows the position of the 

acoustic pressure node to change along the flow direction, enabling the location of 

particles and cells to change laterally as they flow through the main flow channel. This 

new method provides the first bulk acoustofluidic method that allows the position of 

particles and cells to change laterally as they move along the flow direction and has the 

potential to further broaden the application areas of bulk acoustofluidics. 

 

2.2. Materials and Methods 

2.2.1. Microdevice Fabrication 

The acoustofluidic microdevices were fabricated by the following steps. First, the 

microfluidic channel designs were patterned by photolithography on a Si wafer and then 

etched into the silicon substrates using deep reactive ion etching (DRIE) to a depth of 105 

µm. Fluidic access holes were drilled in a 500 µm thick borosilicate glass layer using a 

diamond-plated drill bit mounted on a benchtop drill press (DP101, Ryobi Ltd, SC). The 

glass and silicon layer were anodically bonded at 400 °C by applying 700 V of DC voltage 

for 40 min. After the bonding process, ferrules were glued onto the holes of the glass layer 

using epoxy for fluidic access. Tygon tubings (VWR, PA, USA) were inserted inside the 
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ferrules and sealed with epoxy. The PZ26 type PZT (Ferroperm, Denmark) was bonded 

to the bottom of the chip with cyanoacrylic glue (Loctite, USA), and wires were soldered 

to the PZT for electrical interconnect. 

 

2.2.2. Acoustofluidic Device Testing 

Acoustofluidic device testing was conducted under an upright microscope (Eclipse 

LV100D, Nikon Inc, Japan) and fluids were flown through the microchannels by a 4-barrel 

syringe pump (Fusion 400, Chemyx Inc, MA). The flow rate was chosen to be 500 L/h. 

Fluorescent polystyrene microspheres (Thermoscientific, CA, USA) mixed with de-

ionized (DI) water was used for all experiments for easy visualization of particle 

movement. For devices with the straight echo-channel design (single width throughout the 

length of the microchannel), a function generator (DG4202, Rigol Technologies Inc, USA) 

was utilized to generate a sinusoidal signal that was amplified through a 50-dB power 

amplifier (2100L, E&I, Ltd.) and applied to the PZT. For the chip with changing echo-

channel width, a LabVIEW™ (National Instruments, TX) program was developed to 

generate sums of two sinusoidal signals from a function generator (AFG3021B, Tektronix 

Inc, USA). This signal was then applied to the PZT through a 50-dB power amplifier 

(2100L, E&I, Ltd.). 

 

2.2.3. Working Principle 

In wave theory, wavelength equals to the speed of wave times the frequency of the 

wave. In acoustofluidics, if the wavelength of the acoustic wave is adjusted to be equal to 
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the microchannel width or multiples of the channel width, an acoustic resonance field is 

generated. If the channel width is equal to half of the acoustic wavelength, it means that 

the channel is in its first harmonic (/2) mode, and there will be one nodal plane created 

in the middle of the microchannel. Similarly, if the channel width is equal to the 

wavelength, the channel is in its second harmonic () mode, and in this case, there will be 

two pressure nodal planes, one at the ¼ position and the other at the ¾ position within the 

channel (Fig. 2.1A). 

 

 

Figure 2.1 Effect of Echo-channel on Acoustic Pressure Nodal Positions when there is no 

echo-channel (A), a narrow echo-channel separated by a thin wall (B), and on a wide echo-

channel (C) excited at the second harmonic mode. 

 

If an echo-channel is added next to the main fluidic channel separated by a thin 

wall, the thin wall functions as a physical boundary for the flow itself but almost 

transparent to the acoustic wave. This makes the width of the combined main channel and 

the echo-channel as the effective channel width of acoustic full wavelength resonator. 

Thus, from acoustofluidics perspective, the effective channel width Weff can be defined as 

Pressure
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the following equation (1), which can be used to calculate the needed resonance frequency 

[13]. 

 

   Weff = Wmain + Wecho (Cw/Cecho) + Twall (Cw/CSi)               (6) 

 

In this equation, Weff stands for the effective channel width from acoustic wave perspective 

and as being the sum of the main channel width, Wmain, and the scaled version of the echo-

channel width, Wecho, and the scaled version of the thickness of the wall that separates the 

echo-channel and the main channel, Twall. Cw is the speed of sound in the main flow 

channel and set as 1531 m/s [14]. Cecho is the speed of sound inside the echo-channel and 

set as 1496 m/s since deionized (DI) water was used in the echo-channel [15]. CSi 

represents the speed of sound in silicon and the value was set to 8433 m/s [16]. The 

resonant frequency in the second harmonic mode was represented as f1 and calculated by 

dividing the speed of sound in the microfluidic channel by the effective channel width. 

COMSOL MultiphysicsTM software was utilized to examine the effect of echo-channel 

width on the positions of acoustic pressure nodes. 

As shown in Fig. 2.1 echo-channel which is adjacent to main microfluidic channel 

helps changing the acoustic pressure nodal positions in the main fluidic channel. When 

the width of the echo-channel increases, the effective channel width also increases, which 

causes the nodal positions on the main channel to shift towards the echo-channel. If this 

device is actuated in its second harmonic () mode, there will be two acoustic pressure 

nodal planes. However, the location of those planes can be adjusted using the echo-
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channel so that one nodal plane is formed inside the main fluidic channel and the other 

one formed inside the echo-channel, resulting in only one pressure nodal plane to exist in 

the main flow channel. This phenomenon is very convenient since it is not desired to have 

two nodal planes resulting in particles or cells moving to two different locations inside the 

flow channel.  

Devices with different main channel and echo-channel widths were tested to fully 

characterize this concept. In the first design, the main channel width was 1600 micrometer 

(m) and the echo-channel widths varied from 678 m to 2678 m, giving an expected 

acoustic resonance frequency ranging between 350 kilohertz (kHz) and 660 kHz. In the 

second set of designs, the main channel width was reduced to 800 m to increase the 

frequency range to be tuned between 840 kHz and 1.31 megahertz (MHz) to avoid possible 

overlapping of the resonant frequencies. For example, when the echo-channel width is 

1078 m, the expected resonant frequency is 0.56 MHz, which is very close to 0.55 MHz, 

which is the resonant frequency when the echo-channel width is 1478 m. Finally, an 

echo-channel where the width changed from 1800 to 1000 and then to 300 m like a 

staircase along the flow direction was designed. In this design, the wall thickness was 

increased to 20 m to avoid potential leakage issue between the two adjacent channels.  

 

2.3. Results 

2.3.1. Straight Echo-Channel Devices 

We first attempted to determine whether the acoustic pressure and anti-pressure 

nodal positions could be successfully changed in the microfluidic channel of the 
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acoustofluidic chip. For that purpose, COMSOL simulations were run by using different 

channel geometry values. As seen in Fig 2.2A straight echo-channel device was modeled 

in xy-plane (2-D) and in the model silicon material is assigned to the middle layer and 

water is assigned to main and echo-channel. Following that the model was divided into 

smaller elements using the mesh function (Fig. 2.2B). In one of the simulation models 

main channel width is kept at 800 m and the echo-channel width is increased from 343 

m to 975 m.  

 

 

 

As shown in Fig 2.3 of FEA simulation results, the position of acoustic pressure 

node can be moved closer to the thin wall between two microfluidic channels by increasing 

the echo-channel width from 343 m to 975 m. By doing so the second acoustic pressure 

nodal plane in the upper stream can be moved to the echo-channel and by taking advantage 

of lower nodal plane particle/cell manipulation can be done effectively. 

B
BA

Figure 2.2 A. 2-D model in COMSOL when main channel width is 800 and echo-channel 

width is 975 µm B. Model after using the mesh function in COMSOL model 
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Following that, two types of acoustofluidic devices were tested. In the first set of 

chips, the main channel width was selected to be 1600 m and the wall thickness was 

microfabricated to be 10 m. For reference one of the fabricated acoustofluidic chips is 

shown in Fig. 2.4 after anodic bonding and device packaging.  

 

Figure 2.4 Image of one of the fabricated acoustofluidic chips with echo-channels with 

changing widths. 

A

B

(mm)

(Pa)

X 105

10 mm 

Figure 2.3 A. Acoustic pressure along the channel width when main channel width is 800 

and echo channel width is 343 µm and applied frequency is 1.31 MHz, B. Acoustic 

Pressure when echo channel width is 975 µm and applied frequency is 0.84 MHz 
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To minimize the potential overlaps in the resonant frequencies the channel width 

was reduced in the second design by making the main channel width to 800 m so that by 

the frequency range was broadened. Fig. 2.5 shows the scanning electron microscopy 

(SEM) image of the fabricated acoustofluidic chip with straight echo-channel.   

 

 

Figure 2.5 Cross-sectional SEM image of the anodically bonded acoustofluidic device 

with echo-channel.   

 

As seen in Fig 2.6A location of focused polystyrene microspheres is ~302 μm far 

from the lower acoustic boundary of the chip, when the main channel width is 800 μm and 

the echo-channel width is 450 μm. In this experimental scenario, the frequency of the 

sinusoidal signal applied to the PZT was 1.26 MHz and Vpp was set to 120 mV at the ends 

of the power amplifier. When echo-channel width is equal to 975 μm the location for 

acoustic pressure nodal position becomes ~426 μm far from the lower wall (Fig 2.6B). To 

actuate this chip, the frequency of applied signal was 0.83 MHz and Vpp was 180 mV. It 

required slightly more voltage when compared to the chip with 450 μm-wide echo-channel 

since the impedance of the PZT changes with the frequency. 

Echo Channel Main Channel 

200 µm  
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Figure 2.6 Representative brightfield (BF) microscopic image (exposure time: 10 ms) that 

shows the nodal plane positions to which particles are focused (f1:1.26 MHz, Vpp:120 

mV, flow rate: 500 µl/h) when using a 450 µm wide echo-channel (A) Representative BF 

microscopic image (exposure time: 10 ms) that shows the nodal plane position to which 

particles are focused (f1:0.83 MHz, Vpp:180 mV, flow rate: 500 µl/h) when using a 975 

µm wide echo-channel (B). 

 

As the echo-channel becomes wider, it can be seen that the particle position successfully 

changes from the 527 μm position to the 921 μm position (Fig.  2.7).  
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A 200 µm  
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Figure 2.7 Graph of the expected and actual nodal positions (main channel widths are 

1600 µm). 

 

At the same time, it can also be seen that as the echo-channel becomes wider, the 

discrepancy between the calculated nodal position and actual nodal position becomes 

larger. The resonance frequency required to focus particles to the nodal position has about 

7% difference compared to the calculated value (Fig. 2.8).  
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Figure 2.8 A graph of the expected and actual resonant frequencies (main channel 

widths are 1600 µm). 

 

 

In Table 2.1 all the results of experiments done with first set of chips such as 

expected and actual nodal positions and frequencies were summarized. Also, the minimum 

required voltages to focus the microparticles to the nodal positions in each device were 

added to the table. Referring to the table as the echo-channel width increases the frequency 

range to be applied to focus the microparticles gets narrower, and this narrow frequency 

range causes mismatching of resonant frequencies.  
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Table 2.1 Summary of the various echo-channels and corresponding parameters tested. 

In all cases, the width of the main channel is 1600 μm and wall thickness is 10 μm. 

Main Channel Characteristics (μm) 
Calc. Freq 

(MHz) 

Real Freq (MHz) & 

Vpp 

Wmain Wecho Weff Calc. x1 Real x1 f1 f1 

1600 678 2280 570 52712 0.66 0.68 & 130 mV 

1600 1078 2680 670 67617 0.56 0.60 & 460 mV 

1600 1478 3080 770 75115 0.49 0.55 & 64 mV 

1600 2278 3880 970 87322 0.39 0.37 & 400 mV 

1600 2678 4280 1070 92118 0.35 0.42 & 400 mV 

 

 

For instance; when echo-channel widths are 2678 m, applied frequency is 20% 

off from the expected result. It was realized that the frequency range should be broadened 

so that overlapping of corresponding frequencies for different echo-channel widths could 

be avoided. Out of those first set of chips when echo-channel widths are smaller than 1478 

m the discrepancy between the expected and actual nodal positions was less than 50 m. 
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However, for larger echo-channel widths like 2278 and 2678 m the discrepancy is much 

bigger as shown in Table 2.1. 

To assess the knowledge how different channel widths, affect the control of the 

particle focusing position, the main channel widths of 800 m and 1600 m with different 

echo-channel widths were tested.  As shown in Table 2.1, range of frequency to be tuned 

to generate acoustic resonance for chips with 1600 m-wide main channels is relatively 

narrow when compared to 800 m-wide main channel devices. Since shrinking the 

channel widths will require higher frequency, the range of tuned frequency for 800 m-

wide devices is much wider when compared to the first set of devices. Therefore, second 

set of devices provided better divergence to the calculated values as seen in Table 2.2.  
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Table 2.2 Summary of the various echo-channels and corresponding parameters tested. In 

all cases, the width of the main channel is 800 μm and the wall thickness is 10 μm. 

Main Channel Characteristics (μm) 
Calc. Freq 

(MHz) 

Real Freq (MHz) & 

Vpp 

Wmain Wecho Weff Calc. x1 Real x1 f1 f1 

800 975 1787 447 426  11 0.84 0.83 &180 mV 

800 785 1595 399 4028 0.94 0.94 &250mV 

800 605 1413 353 3645 1.06 1.06 &370mV 

800 450 1257 314 3024 1.20 1.26 &120mV 

800 343 1148 287 2763 1.31 1.42&180 mV 

 

 

For instance, increasing the echo-channel width from 450 m to 605 m will 

almost results ~70 m change on the acoustic pressure nodal plane. Fig. 2.9 shows the 

brightfield images of different particle positions for varying echo-channel widths when 

main channel width is kept at 800 m. 
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Figure 2.9 Bright field microscopic images (exposure time: 10 ms) showing particle 

positions within the main channel when the echo-channel width changes from 1075 µm 

to 343 µm. 

 

In the case of echo-channel width is equal to 1075 m successful focusing of 

polystyrene microspheres could not be implemented. However, for other echo-channel 

width designs the particle migration to acoustic pressure nodes were successfully 

demonstrated. Table 2.2 summarizes the calculated and experimental resonant 

frequencies for different echo-channels. When echo-channel width is equal to 450 m the 

minimum peak-peak voltage required to focus the microspheres successfully at one nodal 

plane is 120 mV and resonant frequency is 1.26 MHz. When compared to the other echo-

channels the impedance of the PZT at that frequency is lower so that successful migration 

of microparticles to nodal plane for 450 m wide echo-channel can be seen in Fig. 2.10.  

Changing echo-channel from 975 m to 343 m when main channel width is kept at 800 

m makes the acoustic pressure nodal position change from ~426 m to ~376 m as 

shown in same figure,. 
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Figure 2.10 A graph to show expected and actual nodal positions. 

 

Expected and real resonant frequencies are very close when the main channel 

width and the echo-channel width values are close to each other. For instance, when echo-

channel widths are 605 and 785 m the expected and real resonant frequencies are equal 

to each other as seen in Fig 2.11. However, when echo-channel width is much bigger or 

smaller than the main channel width expected resonant frequency and real resonant 

frequency values have some discrepancy. 
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Figure 2.11 A graph to show expected and actual nodal positions. 

 

While trying to change acoustic pressure nodal/anti-nodal planes by exploiting the 

idea of adding an echo-channel adjacent to main fluidic channel some limitations arose. 

First limitation was the geometry of the microfluidic chips. Since the main fluidic channel 

was separated from the echo-channel by a thin wall one of the nodal positions has to be 

located in the echo-channel so that acoustic pressure nodal position inside the main fluidic 

channel could be adjusted. This adjustment could be implemented by making the echo-

channel width one third of the main channel width as minimum or three times of the main 

channel width as maximum. Doing so kept one of the nodal positions inside the main 

fluidic channel and will keep the other one inside the echo-channel. By considering that 

the wall thickness should be kept at minimum to reduce the loss while acoustic waves 

travel between the acoustic boundaries while avoiding the leakage between two 

microfluidic channels. In some regions of the first two set of devices, particle flow was 
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observed in the echo-channel where normally no particles should flow. The reason of that 

was considered because of the wall thickness being 10 m and in some regions of this 

wall the bonding between the silicon channel and glass was not successful during the 

anoding bonding process. 

Besides that, as seen from Table 2.1 and Table 2.2 there are some discrepancies 

between the expected and the actual values. There can be multiple reasons why there is a 

discrepancy between the calculated nodal position and the real nodal position observed. 

One of the reasons could be the wall thickness between the main fluidic channel and the 

echo-channel. Another reason could be mismatching between the acoustic resonance 

frequency and the resonant frequency of PZT. 

Most importantly, the calculation does not account for the requirement of the 

voltage level to successfully move particles to the nodal positions. Different level of 

voltage applied may have different effect on the thin side wall, and thus may affect the 

nodal position. Increased temperature level due to higher voltage applied can also affect 

the nodal position. Even though a cooling fan was somewhat successfully employed to 

limit the rise in temperature, any voltage beyond about 300 mV (applied to the amplifier) 

resulted in at least 20 °C increase in temperature, which affect the sound velocity, thus the 

actual acoustic pressure nodal position.  

Second, this discrepancy may be also attributed to the PZT transducer 

characteristics. PZT has its intrinsic electrical impedance, which is highly dependent on 

the applied frequency. The frequency at which the discrepancy between calculation and 

actual result is minimum (for 878 and 2678-m wide echo-channels), those frequencies 
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were in line with reported resonant frequencies of the PZT we used in our experiment. If 

the driving frequency is away from this PZT resonance frequency, a higher voltage will 

be required to overcome the impedance of the transducer, thus affecting the nodal position 

as described in the previous paragraph. As summarized in Table 2.1 and Table 2.2 at 

some frequencies the PZT needed higher voltage to actuate the acoustofluidic chip when 

compared to the other frequencies. This shows that impedance of PZT might affect the 

acoustic actuation in a good or bad way. If the impedance of the transducer is small at that 

frequency with very low voltage actuation can be realized. On the other hand, if the 

impedance of the transducer is high at certain frequency resonance will need higher 

voltage for actuation. 

 

2.3.2. Staircase Echo-Channel Device 

After the experiments with straight echo-channel devices it was realized that as 

driving frequency changes the electrical impedance of the PZT varies and that impedance 

has a significant impact on the acoustophoretic force since voltage required to focus 

microparticles is a factor on acoustophoretic force. For instance, while testing one of the 

1600 m devices the applied frequency to the PZT is equal to 0.6 MHz and the peak-peak 

voltage required to focus the microbeads was 460 mV in this case as being much higher 

than the voltage needed at 0.55 MHz where echo-channel width is 1478 m as shown in 

Table 2.1. Similarly, when the applied frequency is 1.06 MHz required peak-peak voltage 

was 370 mV which is almost three times of the voltage required to focus the microbeads 

when applied frequency is 1.26 MHz. This phenomenon shows that required voltage to 
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generate acoustic resonance is strictly dependent on the applied frequency and the 

impedance of the PZT since it was shown that electrical impedance of the PZT is 

dependent on the frequency [17]. To be able to generate acoustic resonance without 

applying too high of a power that causes overheating issue, it is essential to overcome the 

impedance of the PZT with relatively low voltage.  

By taking this into account, a third design was created where the main channel 

width was 700 μm,  so that  the frequencies of 420 kHz and 1.06 MHz with higher 

impedances were tried to be avoided. Additionally, echo-channel widths through the chip 

varied to change the nodal positions in a single acoustofluidic chip. Based on the 

relationship between the echo-channel and the actual nodal position of the microparticles, 

a microchannel that has a staircase echo-channel composed of 3 different steps (i.e., echo-

channel width) was designed (Fig. 2.12).  

 

 
Figure 2.12 Illustration of the 3-step staircase echo-channel acoustofluidic device. 
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To make particle manipulation at high frequency, the resonant frequency of PZ26 

type-PZT, which is ~2 MHz, was considered. Based on the PZT impedance report from 

the vendor, the frequency values where impedance is relatively low such as 1.49 MHz, 

0.88 MHz, and 0.60 MHz were chosen as reference point to design the staircase echo-

channel device. Based on those results, an acoustic microfluidic chip with a staircase echo-

channel was designed so that the resonant frequencies could be applied as sum of 

sinusoidal signals without requiring the dynamical change of frequency and applied 

voltage. By considering these design parameters, the main channel width was reduced to 

700 m and echo-channel widths are calculated using those frequency values as shown in 

Table 2.3. As seen from the table frequency values while testing this chip are very close 

to expected frequency values to run the PZT. Furthermore, the nodal position change is 

~280 m which is almost 40% of the main channel width.  

 

Table 2.3 Table for staircase echo-channel device when width of the main channel is 700 

μm and wall thickness is 20 μm for different echo-channel widths 

Main Channel Characteristics (μm) 
Calc. Freq 

(MHz) 

Real Freq (MHz) & 

Vpp 

Wmain Wecho Weff Calc. x1 Real x1 f1 f1 

700 300 1004 251 3564 1.49 
1.50  0.01 & 

(350mV) 

700 1000 1704 426 4254 0.88 
0.89  0.01 & 

(230mV) 
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700 1800 2504 626 6385 0.60 
0.61  0.03 & 

(800mV) 

 

 

When compared to obtained data from straight echo-channel devices even though 

nodal position change for 1600 m-wide chips is ~394 m as being less than %25 of the 

main channel width, 700 m-wide devices have better capability in terms of nodal position 

change as percentage of main channel width. As seen from Fig. 2.13, fluorescent 

microparticles were descended into the acoustic pressure nodes by reducing the echo-

channel width along with the flow direction. Again, the reason for discrepancy between 

the real nodal position and expected one could be because of overheating of the PZT 

during the actuation process.  

 

 

Figure 2.13 Microscope images showing fluorescent PS particles being focused to 

different pressure node positions when the echo-channel widths are 1800, 1000, and 300 

μm (from left to right). Bright field images (10 ms exposure time) showing the 

microchannels were overlaid with fluorescent images (400 ms exposure time) showing 

fluorescent microbeads to make visualization easy. 
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Even though the frequency values match with the expected values as seen from 

Fig. 2.14 for 700 m-wide chip, the nodal position for 300 m-wide channel has a bigger 

variance compared to the other steps. 

 

Figure 2.14 A graph to show expected and actual resonant frequencies that needs to be 

applied to focus the particles in the main channel. 

 

This phenomenon of this big variance compared to the other steps can be seen in 

the graph shown in Fig. 2.15. This could be one of the reasons of overheating since it 

required 800 mV as being the biggest voltage required to run the PZT. 
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Figure 2.15 A graph showing expected and actual nodal positions. 

 

The minimum required voltages to be able to focus the microparticles at certain 

acoustic pressure nodes are provided in Table 2.3. When overheating occurs the resonant 

frequency needs to be tuned again to focus the microparticles successfully. To avoid 

overheating of the acoustofluidic chip frequencies requiring high voltage to overcome the 

impedance of the piezoelectric transducer can be eliminated. Therefore, requirement of 

high power can be diminished, and overheating issue of acoustofluidic platforms can be 

solved by choosing the appropriate piezoelectric transducer. 

 

2.4. Conclusion 

Acoustofluidics has been preferred as opposed to the other methods in 

microfluidics since it makes label-free, contactless and high-throughput manipulation 

possible. However, nodal positions’ being fixed at certain locations restricts its abundant 

usage. To overcome this issue, fluidic boundary was decoupled from the acoustic 
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boundary by adding a second bypass channel that is adjacent to the main channel so that 

acoustic pressure nodes in the upper stream could be moved to the second channel by 

running the PZTs in second harmonic mode. Therefore, the position of the nodes was 

successfully adjusted by tuning the resonant frequency after designing the acoustofluidic 

chips with appropriate channel dimensions.  

In the present study, it was observed that the impedance of the piezoelectric 

transducer has an effect on actuation since the voltage required to overcome the electrical 

impedance of the transducer is strictly dependent on the frequency. First set of devices the 

main channel width was chosen as 1600 m. However, this made frequency range narrow 

through different echo-channel widths. Because of that, second set of devices channel 

dimensions are reduced so that frequency range to be tuned to focus the microparticles 

was broadened. It is important to note that while actuating the acoustic microfluidic chips 

frequency selection needs to be considered so that overheating of acoustic microfluidic 

chips can be decreased by reducing the electrical impedance. As a summary, the idea of 

adding echo-channel next to the main fluidic channel was implemented and it was tried to 

optimize addressed how the problem of fixed-nodal position can be decreased by 

designing the channel geometries with appropriate parameters. Finally, a staircase echo-

channel was designed, and this chip provided better capability in terms of changing the 

positions of acoustic pressure nodal positions inside the main fluidic channel. 
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3. ACOUSTOPHORETIC SEPARATION OF BINARY PARTICLES BASED ON 

NODAL POSITION ADJUSTMENT THROUGH PDMS WALL 

 

3.1. Introduction 

To date to answer different kind of issues come across in the field of microfluidics 

number of different applications was studied and tried such as hydrodynamic separation 

[1], dielectrophoresis [2], magnetophoresis [3], microfabricated filtering [4], droplet 

microfluidics [5] and acoustofluidics [6]. Acoustofluidics has provided high-throughput 

cell/particle manipulation in a contact-free manner. While some of the researchers in this 

field worked on cell property analysis [7,8,9] and some of them studied cell/particle 

separation [10,11], extensively. Even though the advantage of acoustics microfluidics 

systems is undeniable it has some restrictions because of its dependence on channel 

dimensions. The particles/cells migrate to certain locations in an acoustofluidic system 

where acoustic pressure is zero or maximum. In the acoustic wave theory those positions 

are called as acoustic pressure node (zero pressure) or anti-nodes (maximum pressure). 

Once the channel is fabricated the nodal planes are fixed at certain positions inside the 

fluidic channel. However, if the fluidic boundary is shifted from the acoustic boundary by 

the help of appropriate material those locations inside the fluidic channel can be shifted 

relatively. In 2015 paper, Jung et al. showed the possibility of separation of acoustic 

boundary from the fluidic boundary by fabricating a thin silicon wall between main 

channel and so-called by-pass channel [12]. They showed the possibility of changing the 

acoustic nodal positions inside the main channel by varying the fluid inside the by-pass 
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channel. However, it required the thin wall thickness to be less than 20 µm to generate a 

successful acoustic resonance during the implementation. Similarly, Ivo et al. fabricated a 

PDMS wall by laser cutting in an acoustofluidic chip so that fluidic boundary was 

decoupled from one of the silicon walls (acoustic boundary) [13]. They demonstrated 

particle and droplet manipulation by using so-called partially filled PDMS acoustic 

microfluidic chip. In Fig. 3.1, the effect of PDMS wall integration into the acoustic 

pressure nodes can be seen. Since the speed of sound inside the PDMS is slower than in 

the water the acoustic wave will travel slower in the PDMS region. Because of that reason 

the acoustic pressure nodal positions will move towards the PDMS wall side. Even though 

implementing integration of the PDMS wall into acoustofluidic chip by laser cutting is 

promising that method require a costly and precise equipment such as laser to make the 

PDMS layer since after filling the channel one part of the PDMS structure needs to be cut 

by laser. On the other hand, it is difficult to fabricate the desired size of PDMS because of 

the laser spot size. Another limitation is operation of laser could be challenging since 

safety precautions need to be taken. In this study, we summarized an easier fabrication 

method to integrate PDMS wall into the side of the microfluidic channel when compared 

to laser cutting. First, we etched the silicon channel using wet etching process by adding 

some amount of isopropyl alcohol so that aspect ratio of etch profile was increased [14]. 

PDMS microparticles were emulsified in DI water and synthesized by following the recipe 

in Cushing et. al. [15]. Following the fabrication of silicon mold using photolithography 

and by employing soft lithography techniques PDMS wall was cured in this mold and 

could be used as a side wall inside the microfluidic channel so that decoupling of fluidic 
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boundary from the acoustic boundary was successfully implemented. In this research we 

addressed how we can eliminate the requirement of high-cost equipment such as laser and 

use cost-effective photolithographic methods to integrate the PDMS wall into the acoustic 

microfluidic chip.  

 

Figure 3.1 Acoustic pressure nodal positions in microfluidic channel in a conventional 

BAW device when PZT is actuated using first harmonic (𝛌/2) mode (A), Nodal positions 

in microfluidic channel in partially-filled PDMS acoustic chip using first harmonic (𝛌/2) 

mode (B), Nodal positions in microfluidic channel in a conventional BAW device using 

second harmonic (𝛌) mode (C), Nodal positions in microfluidic channel in partially-filled 

PDMS acoustic chip using second harmonic (𝛌) mode (D). 
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3.2. Materials and Methods 

PDMS is a very popular material in microfluidics since it is easy to fabricate by 

just mixing two different solution at certain ratio. Because of being transparent, flexible, 

biocompatible, PDMS is preferred for microfluidic applications since those applications 

require microscope imaging of biological cells, reagents, etc. It is not preferred for 

acoustofluidic projects because of PDMS having lower acoustic impedance when 

compared to silicon and glass substrates. However, reducing the PDMS thickness enough 

may eliminate this disadvantage. To fabricate the acoustic microfluidic chip first, silicon 

wafers were oxidized using the oxidation furnace (MiniBrute Atmospheric Furnace, 

Thermco, NJ, USA) and thickness of 1 µm was achieved. Silicon wafer was etched using 

standard wet etching process after transferring the pattern for channel and mold designs. 

For wet etching process 40 weight % potassium hydroxide (KOH) solution (solid 

dissolved in water) was prepared by mixing KOH pellets (ThermoFisher Sci, MA, USA) 

with deionized (DI) water. After etching the wafers for nearly 60 µm deep, the wafers 

were diced into four pieces. Then, they were classified into two categories. The ones with 

small widths are used for PDMS fabrication and were treated with silane 

(Trichloro(1H,1H,2H,2H-perfluorooctyl)silane, Millipore Sigma, MO, USA). The wider 

ones are used as microfluidic channel. To fabricate the PDMS wall, the mixture was 

prepared by mixing the curing agent and the base material for PDMS (Sylgard 184, USA). 

Then they are poured into a weigh boat at a ratio of 1:10 and mixed vigorously. After this 

mixing process it was poured into the silane-coated silicon mold and degassed inside the 
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degassing chamber. To fabricate PDMS wall to have a thickness of less than 60 µm needs 

the mold was spun at 1000 rpm for 40 seconds. After spinning the molds were left in 85°C 

oven for 8 hours so that it can be easily peeled off from the silicon mold. Since low 

acoustic impedance of PDMS might absorb most of the acoustic energy it is better to make 

the PDMS wall as thin as possible. Therefore, it won’t require too much voltage during 

the excitation of acoustofluidic chip.  

Following the fabrication of the PDMS wall the holes were punched using a 500 

µm punch and it was bonded to the silicon channel using the oxygen plasma chamber 

(Harrick Plasma, USA) so that silicon and PDMS can be successfully sealed to avoid any 

leakages during the experiments. The fluidic access holes were drilled on the borosilicate 

glass (Swift Glass, NY, USA) using a platinum coated drill bit (UKAM Industrial 

Superhard Tools, CA, USA) and a benchtop drill press (DP101, Ryobi Ltd, SC, USA). 

Then, glass cover was bonded to the PDMS layer after the plasma treatment process of 

both surfaces. Fabrication processes are summarized in Fig. 3.2A-D.  

 

Figure 3.2 Fabrication steps to integrate PDMS wall into acoustofluidic platform (A-D). 
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After the bonding process ferrules (P-200N, IDEX-HS, WA, USA) were glued 

onto the glass surface using epoxy (Gorilla, USA). The tubings (Tygon, Saint Gobain 

Performance Plastics, OH, USA) were inserted into those ferrules and sealed with epoxy. 

Once epoxy mixture is cured the piezoelectric transducer (PZ26, Ferroperm, Denmark) 

was attached on the bottom surface of silicon substrate using cyanoacrylic glue (Loctite, 

USA). The wires to actuate the PZT were soldered onto the bottom and top surface of the 

PZT. Scanning electron microscopy (SEM) image of the fabricated acoustofluidic chip 

can be seen in Fig. 3.3.  

 

 

Figure 3.3 SEM image of the fabricated acoustofluidic chip with PDMS wall. 

 

Acoustofluidic device illustration for separating the negative and positive acoustic 

contrast particles by the help of acoustophoresis is shown in Fig. 3.4. As seen from this 

figure polystyrene microspheres will migrate to acoustic pressure nodes and PDMS 

microspheres will migrate to acoustic pressure anti-nodes. 

100 µm 
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Channel PDMS 

Wall 
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Figure 3.4 Illustration of negative (PDMS) and positive (Polystyrene) acoustic contrast 

particle migration inside acoustic microfluidic chip. 

 

 

3.3. Results 

3.3.1. Simulation Results Using Finite Element Analysis (FEA) 

Acoustic pressure nodes were analyzed by simulating the acoustofluidic chip with 

finite element analysis software before running the experiments with the chip. For that 

reason, 2-D model was created in COMSOL Multiphysics software (Fig. 3.5A) and 

appropriate materials were assigned to the model structures. PDMS was assigned to the 

upper rectangle and water was assigned to the lower rectangle as materials. For analysis 

smaller elements of 2-D model was generated using the `finer` mesh function in the 
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software as seen in Fig. 3.5B. In this model fluidic channel width is 225 m and width of 

the PDMS wall is 150 m.  

 

 

Figure 3.5 A. 2-D model in COMSOL when fluidic channel width is 225 µm (lower part 

of the rectangle) and width of the PDMS wall (upper part of the rectangle) is 150 µm B. 

Model after using the mesh function in COMSOL model. 

 

 

Applying frequency of 1.70 MHz yielded result of shift the acoustic pressure nodes 

from the middle to closer to the PDMS wall. Simulation result after applying the resonant 

frequency is shown in Fig. 3.6. As seen from the figure, acoustic pressure nodal line (dark 

blue line) moves closer to the PDMS wall in contrast to being in the middle when there is 

no PDMS slab in the microfluidic channel. 

 

A 

B 



 

59 

 

 

Figure 3.6 Plot of acoustic pressure inside the microchannel when applied frequency is 

1.70 MHz. 

 

 

3.3.2. Experimental Results 

Before running the experiments. Sinusoidal wave was generated using a waveform 

generator (AFG3021B, Tektronix, OR, USA) and amplified through a 50-dB power 

amplifier (2100L, E&I, NY, USA) before reaching the ends of PZT. Once 10 µm 

polystyrene (PS) microbeads (Polysciences, PA, USA) were flown the PZT is actuated 

and resonant frequency was tuned for half wavelength resonance mode (f0). The resonant 

frequency to move the PS microbeads toward the acoustic pressure node was 2.58 MHz 

and the applied peak-peak voltage at the ends of amplifier was 200 mV. Similarly, 

synthesized PDMS microparticles were flown through the microfluidic channel. Since 

they behave as negative acoustic contrast particles, they migrate to the acoustic pressure 

anti-node at the same applied frequency and voltage. If there was no PDMS wall inside 
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the microfluidic channel the expected resonant frequency for the acoustofluidic chip 

would be 2 MHz since the silicon channel width is 375 µm. However, adding a PDMS 

wall will decrease the speed of sound in that region. Because of that the resonant frequency 

needs be less than 2 MHz. If whole channel was covered with PDMS the resonant 

frequency would be 1.36 MHz since speed of sound in PDMS is ~1019 m/s [14]. Expected 

resonant frequency is 1.69 MHz in half wavelength mode and real resonant frequency is 

1.75 MHz. In Fig. 3.7A&B microscopic images of PS particle migration to acoustic 

pressure nodes and PDMS particle moving to anti-nodes can be seen. 

 

 

Figure 3.7 BF microscopic images (Exposure time: 10 ms) to show 10 µm polystyrene 

moving randomly (A) to show 10 µm polystyrene microbeads migration towards the 

acoustic pressure nodes when f=1.75 MHz and Vpp=200mV (B). 

 

The width of the PDMS wall was reduced from ~145 µm to ~125 µm in another 

acoustofluidic platform. To focus the polystyrene microspheres to the center in this case 

PZT was run at 2.88 MHz and the applied peak-peak voltage was 150 mV. As seen in Fig. 

3.8A 15 µm polystyrene microspheres migrate to ~150 µm apart from the lower silicon 
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wall. This shows that effective channel width of the acoustofluidic platform was increased 

by adding a PDMS wall. When the applied frequency was changed to 1.44 MHz and the 

peak-peak voltage was increased to 200 mV the microbeads just migrated towards the 

PDMS slab since effective channel width is much wider than width of the silicon channel. 

(Fig. 3.8B) 

 

Figure 3.8 A. Migration of 15 µm PS microspheres to acoustic pressure nodal position 

when PZT is run at 2.88 MHz and 150 mVpp B. Levitation of PS microspheres when 

acoustofluidic chip is run at fundamental (𝛌/2) mode. 

 

The method of integrating the PDMS wall is easy since it doesn’t require any high-

technology equipment and can be fabricated using soft lithography methods. Also this 

cost-efficient method can be exploited to guide particles/cells in an acoustic microfluidic 

chip so that particles can follow the desired flow manner.  

 

3.4. Conclusion 

Being contactless, label-free and high-throughput makes acoustofluidics 

preferable as opposed to the other methods in microfluidics. Though it provides effective 
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microfluidic manipulation its common usage is limited because of fixed acoustic pressure 

nodal positions. To overcome this issue, fluidic boundary was decoupled from the acoustic 

boundary by integrating a PDMS wall into acoustofluidic device so that the position of 

the nodes was successfully adjusted by tuning the resonant frequency to generate acoustic 

resonance in different harmonic modes. 

In the present study, the developed acoustofluidic chip is based on the concept of 

decoupling the acoustic boundary from the fluidic boundary by using cost-effective 

fabrication. For that reason, PDMS wall was successfully integrated into the microfluidic 

channel by the help of soft lithography techniques. This method let us successfully 

separate negative acoustic contrast particles from positive acoustic contrast particles. 

Integration of PDMS structure into acoustic microfluidic channel can be exploited so that 

conventional microfluidic techniques can be used to take advantage of label-free, 

contactless manipulation of cells/particles in acoustofluidics. 
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4. ACOUSTOFLUIDIC CHIP WITH INTEGRATED MICROVALVES 

 

4.1. Introduction 

As discussed in the previous chapters combining acoustics with microfluidics 

technology let successful demonstration of different microfluidic applications in a label-

free and contactless manner. To name a few in the literature culture medium exchange, 

cell purification, cell/particle separation and plasmapheresis can be summarized [1,2,3,4]. 

As mentioned in introduction section layered resonators and surface acoustic wave (SAW) 

devices are other two configurations that enable acoustofluidic microsystems. Spengler et 

al. have demonstrated the construction of a layered resonator in microfluidic systems 

using spacer transducer between the counting chamber and glass reflector to measure the 

yeast cell concentration [5]. However, in that study it was needed to do a precise alignment 

to let resonance occur. Otherwise, some of the cells cannot be driven into the pressure 

nodal planes and will be dragged by the stream. In SAW devices, pairs of interdigitated 

electrodes (IDTs) patterned on piezoelectric materials create travelling or standing SAW 

(TSAW or SSAW) inside microchannels [6]. They used PDMS as a substrate to fabricate 

the microfluidic channel and PDMS was placed on top of the patterned IDTs so that more 

flexible fluid manipulation can be succeeded. However, since IDTs are closely located to 

the PDMS microchannel those devices may suffer from heat generation. SAW devices 

require acoustic streaming at high actuation frequencies. Besides that, piezoelectric 

materials used for SAW devices such as lithium niobate (LiNbO3) can be relatively costly 

when compared to the materials used in bulk acoustic wave (BAW) based systems. BAW 
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devices are preferred by many researchers because of strong primary radiation forces and 

having cost-effective fabrication [7,8]. Though easy to fabricate and use, these transversal 

resonator-type acoustofluidic systems usually have very limited material choices, mainly 

silicon and glass, greatly limiting the possibilities where such acoustic-based microfluidic 

systems can be utilized. This is due to the fact that hard materials such as silicon and glass 

transmit acoustic wave with limited loss, while soft polymer materials such as the 

commonly used polydimethyl siloxane (PDMS) have large acoustic loss, and thus does 

not support an acoustic standing wave. Although cell manipulation (both separation and 

trapping) is possible using acoustophoresis, fluid manipulation such as stopping the flow 

or switching liquid are not possible using acoustophoresis. Integrating microvalves can 

solve this issue, however doing so in a silicon or glass microfluidic channel is quite 

challenging.  

Contrary to this, in PDMS-based microfluidic systems integrating pneumatically 

actuated microvalves into microfluidic channels is relatively easy. PDMS is used as the 

basic material for many microfluidic applications due to its advantages of being 

biocompatibility, transparency, elasticity, and ease of fabrication [9]. These traits enable 

observation and manipulation of particles and cells as well as fluids inside a microchannel. 

Therefore, it is of great interest to integrate PDMS in acoustic microsystems to enable 

more flexible particle/cell manipulation, as well as fluid manipulation, while also enabling 

cell culture. Since PDMS was used extensively in microfluidic devices because of ease of 

fabrication PDMS membrane was used to actuate microvalves in some applications of 

microfluidics [10,11]. An acoustofluidic lab-on-a-chip system that integrates PDMS-
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based microfluidic valves and membranes into silicon/glass microfluidic channels to 

enable better fluidic control can greatly expand the applications where acoustofluidic 

systems can be utilized. However, due to its low acoustic impedance PDMS itself cannot 

act as an acoustic reflector and thus its use has been limited in acoustofluidic 

microsystems. Leibacher et al. showed that by applying PDMS inside a microchannel 

where acoustic standing wave will be generated, the pressure nodes and antinodes can be 

adjusted according to the PDMS structure and the acoustic boundary can be separated 

from the fluidic boundary [12]. This shows the possibility that acoustic microsystems can 

benefit from proper integration with PDMS as structural material in BAW devices.  

Here we present for the first time, the construction of a silicon/glass acoustofluidic 

microsystem that integrates a PDMS membrane to enable cell culture as well as integrates 

pneumatically actuated PDMS microvalves to enable fluid control, while also allowing 

cell manipulation using bulk acoustic wave. As illustrated in Fig. 4.1 PDMS membrane 

will be functioning as a structural material to actuate the microvalve because its elasticity. 
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Figure 4.1 Illustration of acoustofluidic trapping chip with integrated microvalves. 

 

The valve structure was designed to be a normally open valve and once the PDMS 

membrane is bended because of pneumatic actuation it will stop the flow inside the 

microchannel. This acoustofluidic platform let us manipulate hydrogel droplets inside a 

trapping chamber and change the medium which surrounds them. These gel droplets let 

researchers keep the cells in three dimensional (3D) scaffolds. This can be the first step 

towards a complete acoustofluidic lab-on-a-chip system for more versatile biological and 

biomedical applications using bulk acoustic wave.  

Before designing the acoustofluidic platform with integrated microvalves we first 

assessed the information of particle trapping efficiency of different trapping chambers. 
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For that reason, acoustofluidic device consisting of circles with three different diameters 

was designed and fabricated. Illustration of this device is shown in Fig. 4.2 and fabrication 

steps of these two acoustofluidic platforms are summarized in the following section. 

 

 

Figure 4.2 Illustration of acoustofluidic device consisting trapping chambers with 

different diameters. 

 

The purpose of this platform to trap the polystyrene microbeads into the center of the 

circular chamber and find the minimum required voltage to keep the particles at the same 

position when flow is continuous.  
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4.2. Materials and Methods 

Acoustofluidic device to characterize the trapping capability of different chamber 

was fabricated by using the following steps. First, the microfluidic channel designs were 

patterned by photolithography on a silicon wafer and then etched into the silicon substrates 

using deep reactive ion etching (DRIE) to a depth of 105 µm. Fluidic access holes were 

drilled in a borosilicate glass substrate using a diamond-plated drill bit mounted on a 

benchtop drill press (DP101, Ryobi Ltd, SC, USA). The glass and silicon layer were 

anodically bonded at 420 °C by applying 710 V of DC voltage for one hour. Following 

the bonding process, ferrules (P200-N, IDEX Health & Science, WA, USA) were glued 

onto the holes of the glass layer using epoxy for fluidic access. Flexible polymer tubings 

(Tygon, Saint Gobain Performance Plastics, OH, USA) were inserted inside the ferrules 

and sealed with epoxy (Gorilla Glue, OH, USA). The PZ26 type PZT (Ferroperm, 

Denmark) was bonded to the bottom of the chip with cyanoacrylic glue (Loctite, USA), 

and wires were soldered to the PZT for electrical interconnect. 

For the second acoustofluidic device to integrate microvalves was fabricated by 

following the steps in the above paragraph and these steps. While the holes for fluidic 

access were drilled in the glass the holes for pneumatic access were also drilled. At this 

moment the holes need to be properly aligned so that microvalves can be operated 

successfully. PDMS membrane to actuate microvalve structures were fabricated by 

mixing the PDMS (DOW Sylgard 184, MI, USA) and pouring into a transparent film 

(Apollo CG7060, Acco Corp, IL, USA) attached onto poly-methyl methacrylate (PMMA) 

and spun at 3000 route per minute (rpm) for 40 seconds yielded 30 μm of thickness. 
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Fabricated PDMS membrane was bonded to the glass substrate by using plasma (Harrick 

Plasma, NY, USA) treatment. After that same ferrules were attached on top of the 

microvalve beds and sealed with epoxy following the tubing insertion. Fabrication steps 

are summarized in Fig. 4.3. 

 

 

Figure 4.3 Fabrication steps for acoustofluidic chip with integrated microvalves. 

 

 

4.3. Results 

Acoustofluidic device testing was conducted under an upright microscope (Eclipse 

LV100D, Nikon Inc, Japan) and fluids were flown through the microchannels by a 4-barrel 

syringe pump (Fusion 400, Chemyx Inc, MA, USA). The flow rate was chosen to be 50 

µL/h. Fluorescent polystyrene microspheres (Thermoscientific, CA, USA) mixed with de-

ionized (DI) water was used for characterization of acoustofluidic chips for easy 

visualization of particle movement. For devices with the straight echo-channel design 

(single width throughout the length of the microchannel), a function generator 

(AFG3021B, Tektronix Inc, OR, USA) was utilized to generate a sinusoidal signal that 
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was amplified through a 50-dB power amplifier (2100L, E&I, Ltd.) and applied to the 

PZT.  

 

4.3.1. Particle Focusing and Trapping by Acoustophoresis 

First assessment was implemented using the straight microfluidic channel which 

has a width of ~400 µm. In this experiment the channel was filled with fluorescent 

microparticles which have a diameter of ~10 µm. The expected resonant frequency in this 

experimental run was ~1.87 MHz and actual resonant frequency after experimental 

characterization was 1.98 MHz. The microscopic images of before and after acoustic 

focusing are shown in Fig. 4.4.  

 

Figure 4.4 Green fluorescent microscopic images to show microparticles (diameter: 12 

µm) focused at middle of the straight channel when there is no flow. Resonant frequency 

of acoustic wave is 1.98 MHz and peak-peak voltage at the ends of power amplifier is 300 

mV. (Scale bar is 100 µm.). 

 

Following that 40 µm microspheres are tried to be trapped inside circular chambers 

while flow rate is kept at 50 µL/h. The diameters of these circular chambers are 500, 750, 
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and 1200 µm, respectively. For each chamber expected and actual resonant frequencies 

are summarized in Table 4.1.  

 

Table 4.1 Table to show experimental conditions for different size of trapping chambers 

Diameter of 

the chamber 

(µm) 

Calculated 

f0 (MHz) 

Real          

f0 (MHz) 

Minimum 

Vpp (mV) 

Forward 

Power (Pf) 

Reflected 

Power (Pr) 

500 1.52 1.58 500 28 25 

750 1.02 1.05 180 11 10 

1200 0.602 0.65 600 33 27 

 

As seen from the table 750 µm-wide chamber required the minimum voltage to 

trap the polystyrene microbeads in the center of the chamber. Therefore, 750 µm wide 

trapping chamber was selected to be used in the acoustofluidic platform with integrated 

microvalves.  

As shown in Fig. 4.5 PS microbeads were trapped at the center of the chamber. PS 

microbeads with a diameter of 40 µm to find the minimum power required to trap the 

micro spherical structures by the help of acoustophoresis in the center of the chamber. 
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Figure 4.5 Brightfield microscopic images (exposure time: 10 ms) to show microparticle 

trapping when diameters of the chambers 500 µm (left), 750 µm (middle), 1200 µm (right) 

from left to right. (Polystyrene microbead diameter is 40 µm). 

 

Following the design and fabrication of acoustofluidic platform hydrogel droplets 

are generated using a flow focusing droplet generator. Hydrogel droplets are used as three-

dimensional (3D) scaffolds for cell culture and functions that cell can grow inside because 

of its porous structure [13]. 

 

4.3.2. Hydrogel Droplet Generation 

To generate droplets, flow-focusing based droplet generator was fabricated on a 

PDMS/Glass microfluidic chip. The widths of the inlets for the hydrogel solution and oil 

are 80 µm and the depth of the microchannel is 67 µm. Flow rate for gel solution mixed 

with salmonellae (following the one day of culture it was diluted 20 times to reduce the 

number of bacteria per droplet) was selected to be 100 µL/h and oil (Novec-7500 

Engineering Fluid, 3M Corp, MN, USA) flow rate was selected to be 300 µL/h. As shown 

in Fig. 4.6A generated agarose hydrogel droplets are leaving the flow focusing region of 

the droplet generator after generation.  
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Figure 4.6 A. Encapsulation of bacteria by agarose droplets generated by using flow-

focusing method. B. Generated droplets leave the microfluidic channel through the outlet. 

 

Gelling temperature of the used agarose gel is between 35C and 38C. This 

temperature needs to be kept stable since the polymerization and the crosslinking of the 

hydrogel is highly correlated with the ambient temperature [14].  Therefore, the 

experimental setup was kept in an incubation chamber and the ambient temperature was 

set to 37C. The gelation process was validated under the microscope and microscopic 

image taken by the high-speed camera (Hamamatsu Orca-Flash4.0, Japan) is shown in Fig 

4.6B. It is also confirmed that the size of the generated agarose hydrogel droplets varies 

between 100 µm – 110 µm. The generated droplets are collected into a 1.5 milliliter (mL) 

tube. Then the droplets were washed three times with phosphate buffered saline (PBS) 

solution. For that purpose, the collection tube was centrifuged at 5000 g for 5 min and oil 

was removed by pipetting and PBS solution was added following every centrifuge. 
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4.3.3. Acoustic Trapping of Hydrogel Droplets and Cell Culture by Medium 

Exchange 

Once the hydrogel droplets are generated, they were flown through the 

acoustofluidic platform. Once adequate number of droplets is flown through the acoustic 

trapping chamber the flow was stopped by closing the microvalve pneumatically. Then 

the microvalve in the upper inlet was opened and let the culture media flow through the 

acoustic chamber. Lysongeny-broth (LB) liquid medium was used to provide the essential 

nutrients for growing the salmonellae. It was prepared by dissolving 25 grams of LB broth 

powder into a 1 L of purified water. Following that, the solution was autoclaved for 20 

minutes at 15 pounds per square inch (psi) on liquid cycle.  

In Fig. 4.7A trapping of single hydrogel droplet by acoustophoresis can be seen. 

To keep the droplet in the center the frequency of sinusoidal wave which is applied to PZT 

is 1.08 MHz and the peak to peak voltage at the ends of the power amplifier is set to be 

150 mV. While trapping the droplet the microvalve at the inlet for droplet flow was closed 

pneumatically and the other microvalve was opened and LB liquid medium was flown 

through the trapping chamber at a flow rate of 50 µL/h. Since the agarose droplets are 

porous culture media could diffuse into the droplet and let salmonella grow gradually. 

After two hours of culture fluorescent microscopic image (Fig. 4.7B) was taken to show 

in-droplet salmonella growth. Colonies became visible after four hours of culture as seen 

in Fig. 4.7C. It is very common to use fluorescence microscopy to observe and analyze 

the bacterial growth in a culture medium [15].  
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Figure 4.7 A. Brightfield (exposure time: 10 ms) microscopic image to show trapped 

single agarose droplet. B. Green fluorescent (exposure time: 1 s) microscopic image to 

show salmonella growth after 2 hours – magnified 50x. C. Brightfield (exposure time: 10 

ms) microscopic image to show salmonella colonies in a single agarose droplet (center of 

the  chamber) after 4 hours. 

 

Similarly, Time-lapse green fluorescent microscopic images of trapped four 

droplets were taken under the fluorescent upright microscope (Eclipse LV100D, Nikon 

Inc, Japan) and shown in Fig. 4.8A-C. As seen from the microscopic images green 

fluorescence signal started to be grabbed after two hours. Salmonellae colonies were also 

checked under the brightfield microscopic illumination and the image was shown in Fig. 

4.8D. As seen from this image salmonellae can be encapsulated in hydrogel droplets and 

after trapping those droplets by the help of acoustophoresis medium surrounding the 

droplets can be changed from PBS to LB medium. Since LB media provide the essential 

nutrients for bacterial growth salmonella screening was successfully implemented on an 

acoustofluidic platform. 



 

78 

 

 

Figure 4.8 A-C. Time-lapse green fluorescent microscopic images (taken at every 2 

hours) to show salmonellae growth (exposure time:500 ms and magnified 10 times). D. 

Brighfield microscopic image to show bacterial growth after 4 hours (exposure time:10 

ms and magnified 20 times). 

 

Assessment of bacterial growth was determined by green fluorescent protein 

(GFP) expression of salmonellae. Since the magnification was ten times to capture the 

whole chamber GFP signal of bacteria inside the droplet could be only be seen after some 

time of culture. To be able to grab GFP signal of bacterial colonies at least two hours of 

culture needed to be implemented as shown on Fig. 4.8B. This experimental result proves 
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that researchers/scholars in acoustofluidics can implement on-chip cell screening by 

taking advantage of acoustophoresis with microvalve actuation. Therefore, cells screening 

on an acoustofluidic system can be performed for some period of time under the 

microscope and without needing to change any syringe or tubing, medium surrounding 

the cells can be exchanged by the help of integrated microvalves. Since this platform was 

designed to gain the attribute of on-chip flow control of acoustofluidic platforms only four 

microvalves were fabricated. Because of ease of fabrication number of microvalves can 

be increased on a single acoustofluidic platform. 

 

4.4. Conclusion 

Though acoustofluidic platforms has many benefits such as label-free and high 

throughput manipulation it lacks some basic attributes of microfluidic chips such as on-

chip flow control. In this work, pneumatically actuated microvalves were successfully 

integrated by the help of PDMS membrane because elasticity and biocompatibility of 

PDMS let us take advantage of PDMS to use as a microvalve structure. Also in this 

acoustofluidic platform trapping capability of acoustic microfluidic chips has been 

attributed so that particle/cell could be trapped in a circular chamber by the help of 

acoustophoresis. For that reason, hydrogel droplets including cells were successfully 

trapped at the center of trapping chamber and changing the medium surrounding the 

hydrogel droplets by the help of microvalve structure let us observe the cell growth inside 

the hydrogel droplets. This platform could be promising for future studies since it let 

acoustofluidic platforms acquire the ability to control flow on-chip.  
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5. INTEGRATION OF DROPLETS INTO ACOUSTOFLUIDICS 

 

5.1. Introduction 

In last two decades there has been an increasing development in microfluidic 

platforms. As being one of the analytical methods in microfluidics field droplet-based 

microfluidics has shown tremendous progress since the pioneering study conducted by 

Quake et. al. [1]. Droplet microfluidics is a research and technology field to manipulate 

and deal with small volumes of fluids (µL to pL) through immiscible phases inside 

microfluidic channels [2]. Being compatible with different biological and chemical 

reagents and capability of being programmable and configurable made them interesting 

for scholars in microfluidics [3]. There has been an increasing interest into droplet 

microfluidics after their blooming. Generation [4,5], splitting [6], merging with each other 

[7,8], trapping [9], and sorting of droplets [10, 11] are the most common manipulation 

techniques to name a few. To manipulate droplets some conventional microfluidic 

methods to sort cells/particles have been combined with droplet-based microfluidics and 

some of them are dielectrophoresis [12], hydrodynamic [13], optical-based [14], 

acoustophoresis [15] etc. As mentioned earlier acoustofluidics is a great method to control 

cells/particles in a microfluidic channel since it makes high-throughput, label-free and 

contactless manipulation available. Similarly, droplet microfluidics has lots of advantages 

such as high throughput, scalability, and letting user implement simultaneous experiments. 

It is obvious that combining these two technologies will provide great benefits in 

fundamental and applied research.  Fornell et. al. has shown that enrichment of 
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microparticles inside droplets can be implemented by acoustophoretic force [16]. In that 

study a flow focusing droplet generator (Fig. 5.1) was designed and acoustic wave was 

applied to the microfluidic chip so that microparticles could be moved to acoustic pressure 

nodes. In that study olive oil was used as a spacer between aqueous phase droplets. Since 

density of olive oil and water is very close this might cause some instability to generate 

acoustic resonance. In this study we used T-junction droplet generator and a higher density 

fluid to generate droplets and acoustic positioning is implemented by PZT actuation. Since 

difference in fluid density let us generate compact and stable droplets. Therefore, acoustic 

wave disturbance could be minimized while microparticles are trying to be focused at 

acoustic pressure nodal planes.  

  

Figure 5.1 Illustration of flow focusing droplet generator with three outlets. 

 

As illustrated in Fig. 5.2 microparticles encapsulated by the droplets are focused at ¼ and 

¾ in λ (full wave) mode, or at middle of the microchannel at λ/2 (half wave) mode. 
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Figure 5.2 Illustration of polystyrene particles under acoustophoretic force, λ (full wave) 

mode (A), λ/2 (half wave) mode (B) when they are encapsulated by the water in oil 

droplets. 

 

5.2. Materials and Methods 

Acoustofluidic device to characterize the trapping capability of different chamber 

was fabricated by using the following steps. First, the microfluidic channel designs were 

patterned by photolithography on a silicon wafer and then etched into the silicon substrates 

using deep reactive ion etching (DRIE) to a depth of 105 µm. Fluidic access holes were 

drilled in a borosilicate glass substrate using a diamond-plated drill bit mounted on a 

benchtop drill press (DP101, Ryobi Ltd, SC, USA). The glass and silicon layer were 

anodically bonded at 420 °C by applying 710 V of DC voltage for one hour. Following 

the bonding process, ferrules (P200-N, IDEX Health & Science, WA, USA) were glued 

onto the holes of the glass layer using epoxy for fluidic access. Flexible polymer tubings 

(Tygon, Saint Gobain Performance Plastics, OH, USA) were inserted inside the ferrules 

and sealed with epoxy (Gorilla Glue, OH, USA). Following the device packaging channel 

surface was treated with Repel-ES silane (GE Healthcare, IL, USA) to increase the 

hydrophobicity. The PZ26 type PZT (Ferroperm, Denmark) was bonded to the bottom of 
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the chip with cyanoacrylic glue (Loctite, USA), and wires were soldered to the PZT for 

electrical interconnect.  

Acoustofluidic device testing was conducted under an upright microscope (Eclipse 

LV100D, Nikon Inc, Japan) and fluids were flown through the microchannels by a 4-barrel 

syringe pump (Fusion 400, Chemyx Inc, MA, USA). Novec 7500 HFE (3M Corp, MN, 

USA) was used as a spacer between the droplets. The flow rate for microparticles was 

chosen to be 80 µL/h and the flow rate for spacer was chosen to be 400 µL/h. Fluorescent 

polystyrene microspheres (Thermoscientific, CA, USA) mixed with de-ionized (DI) water 

was used for all experiments for easy visualization of particle movement. A function 

generator (AFG3021B, Tektronix Inc, OR, USA) was utilized to generate a sinusoidal 

signal that was amplified through a 50-dB power amplifier (2100L, E&I, Ltd.) and applied 

to the PZT.  

In Fig. 5.3 droplet formation and microparticle encapsulation by the droplet in the 

silicon microchannel under the upright microscope is shown. As seen from the image 

channel hydrophobicity is good enough to let compact and stable droplets flow through 

the microfluidic channel. 
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Figure 5.3 Droplet formation (left) and encapsulated 12 µm PS microbeads were moving 

randomly inside the droplet (right). 

 

 

5.3. Intra-droplet Particle Focusing Using Acoustophoresis 

Once the compact and round-shape droplets are generated using the acoustic 

microfluidic platform PZT at the bottom was actuated at different resonant frequencies so 

that characterization of the microfluidic chip was successfully implemented. For that 

purpose, the PZT was run at 2.02 MHz by applying a peak-peak voltage of 150 mV. This 

actuation successfully migrated the 12 µm polystyrene microspheres to the middle of the 

silicon microfluidic channel. As shown in Fig. 5.4 PS microbeads encapsulated by the 

droplet are successfully focused into the middle of the silicon channel. 
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Figure 5.4 Encapsulated 12 µm PS microbeads inside the droplet migrated into middle of 

the channel at λ/2 (half wave) mode and leaving the acoustofluidic device. 

 

Similarly, when the frequency applied to the PZT was set to 4.04 MHz and the 

peak-peak voltage before amplified by the RF power amplifier was set to 240 mV PS 

microbeads inside the droplet were successfully migrated to the 1/4th and 3/4th of 

microfluidic channel width and successfully left the chip from the trifurcation of the outlet. 

Focusing of PS microspheres to acoustic pressure nodes was shown in Fig. 5.5. 
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Figure 5.5 Encapsulated 12 µm PS microbeads inside the droplet were moving to acoustic 

pressure node at λ (full wave) mode (left) and leaving the acoustofluidic device (right). 

 

 

5.4. Conclusion 

Droplet microfluidics is another rapidly growing field in the broad range of 

microfluidics and because of its throughput, scalability, and letting parallel experimental 

runs at the same time it is highly appreciated by the scholars in microfluidics. To benefit 

from this technology acoustofluidic platform which is capable of generating droplets was 

fabricated. Fabricated acoustofluidic chip was tested for functionality to encapsulate 

microparticles and manipulate them by the help of acoustophoresis. Successful 

demonstration of migrating microparticles to the middle and first/third quarters of the 

microfluidic channel was implemented. This acoustofluidic chip can be developed further 

to run parallel experiments to manipulate microparticles or droplets using the 

acoustophoresis. 
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6. CONCLUSION  

 

Microfluidic platforms allow us to reduce the subject of the applications to the 

scale of micrometers. Because of their scalability, in last two decades those platforms were 

benefited immensely to analyze the basic elements of matter such as particles, droplets or 

the basic elements of living organisms such as cells, microorganisms. Albeit too many 

advantages was revealed by the help of experimental studies since the order of subject was 

decreased from macroscale to micro/nanoscale it also brought some constraints for the 

scholars who work in this field. For instance; being label-free and high throughput method 

made acoustic microfluidic technology preferable but the rapid development in last fifteen 

years has brought some limitations which come across by the researchers in this field.  The 

above dissertation summarizes the efforts to address some of those limitations in 

acoustofluidics and development of new type of acoustofluidic platforms to eliminate 

those restrictions. 

 

6.1. Acoustofluidic Microdevice for Robust Control of Pressure Nodal Positions 

Being geometry dependent and having fixed pressure nodal planes are one of the 

major limitations in acoustofluidics. In second section of this dissertation, this constraint 

was addressed and to solve it, acoustofluidic microdevice with two adjacent 

microchannels was designed and successfully fabricated as one of the microchannels 

having a staircase structure so that position of the particles/cells could be changed 

throughout the microchannel without necessity of dynamic change of the fluid or resonant 
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frequency. Being able to migrate particles/cells inside a single microfluidic platform 

without changing the flowing fluid or resonant frequency has a great potential to promote 

the abundant usage of acoustofluidics since manipulation of particles/cells can be done 

more effectively by the help of this technique. 

 

6.2. Acoustic Pressure Nodal Position Adjustment Through PDMS Wall 

The developed acoustofluidic chip is based on the concept of decoupling the 

acoustic boundary from the fluidic boundary. For that purpose, PDMS wall was 

successfully integrated into the microfluidic channel in a cost-effective way by the help of 

soft lithography methods. This fabrication method allows us to fabricate a PDMS slab 

inside an acoustofluidic channel and successfully separate negative acoustic contrast 

particles from positive acoustic contrast particles by the help of acoustophoresis. 

Integration of PDMS structure into acoustic microfluidic channel can be exploited by other 

scholars so that conventional microfluidic techniques such as filtering can be combined 

with acoustofluidics by taking advantage of label-free, contactless manipulation of 

cells/particles in acoustofluidic platforms. 

 

6.3. Acoustic with Integrated Microvalves 

Since acoustofluidics is relatively modern technology when compared to other 

microfluidic techniques it lacks on-chip flow control capability. To let it happen, PDMS 

membrane was fabricated and successfully integrated onto acoustofluidic chip to actuate 

on-chip microvalve structure. Cells are successfully cultured by using the developed 
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acoustofluidic chip since on-chip culture medium exchange was implemented by 

operating the microvalves on this acoustofluidic platform. 

 

6.4. Intra-droplet Particle Manipulation Using Acoustophoresis 

Droplet microfluidics is very beneficial for the researchers in this field because of 

having high throughput, being scalable, letting cell growth inside a droplet. To take 

advantage of this technology acoustofluidic platform with droplet generator was designed, 

developed and tested. Tested acoustofluidic chip demonstrated successful focusing of 

microparticles to the middle and first and third quarters of the droplets inside microfluidic 

channel. This microfluidic chip can be modified to separate bigger cells such as 

macrophage from smaller microorganisms such as bacteria and has a potential to be used 

for high-throughput particle/cell separation. 
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APPENDIX A 

MASK DESIGNS 

A.1. Acoustic Microfluidic Device for Precise Control of Pressure Nodal Positions 

 

Figure A. 6-1 Mask design for acoustic microfluidic channel with straight echo-channel. 
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Figure A. 6-2 Mask design for acoustic microfluidic channel with staircase echo-channel.  
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A.2. Acoustic Microfluidic Device to Decouple the Fluidic Boundary from the 

Acoustic Boundary 

 

 

Figure A. 6-3 Mask for acoustic microfluidic device to decouple the fluidic boundary 

from the acoustic boundary. 
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A.3. Acoustic Microfluidic Device with Integrated Microvalves 

 

 

Figure A. 6-4 Mask design for acoustic microfluidic device with integrated microvalves. 
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A.4. Intra-droplet Acoustofluidic Device 

 

Figure A. 6-5 Mask design for intra-droplet acoustofluidic device 

 



 

99 

 

APPENDIX B 

SILICON/GLASS ACOUSTOFLUIDIC DEVICE FABRICATION STEPS 

 

B.1. Silicon Etching Procedure 

1. Clean the silicon wafers using the piranha cleaning process. 

2. Grow a ~1 µm oxide layer on top of the bare silicon wafer using the oxidation 

furnace. 

3. Spin coat AZ5214E positive photoresist (or equivalent) at 3000 rpm for 40 s onto 

the oxidized wafer. 

4. Soft bake the coated wafer at 110°C for 2 min on top of the preheated hotplate 

5. Expose that wafer to UV light under Karl Suss MA6 Mask Aligner using the 

previously designed clearfield pattern mask at 90 mJ/cm2. 

6. Develop the pattern by leaving the wafer in MF726 (or equivalent) for 30 s. 

7. Rinse the wafer by DI water. 

8. Leave the wafer at 110°C for 2 min. 

9. Spin coat the same photoresist at 3000 rpm for 40 s onto the back side of the 

patterned wafer. 

10. Leave the wafer at 110°C for another 2 min. 

11. Immerse the patterned wafer into the BOE solution to remove the oxide layer in 

the exposed area for 15 min. 

12. Remove the photoresist using acetone, isopropyl alcohol (IPA) and water. 
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13. Etch the wafer by immersing it into 40 weight % KOH (s/w) solution at 80°C for 

the time until the desired depth is achieved. 

14. Rinse the wafer by DI water. 

15. Remove the oxide layer in the unexposed area by immersing the wafer into BOE 

solution for another 15 min. 

16. Clean the wafer by using DI water and dry it by flowing N2 gas. 
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B.2. Glass Etching Procedure 

1. Clean the borosilicate glass wafer using the piranha cleaning process. 

2. Deposit a uniform Au/Cr layer by using e-beam evaporation equipment (Lesker 

PVD 75 E-beam Evaporator) of thickness 200/50 nm. 

3. Clean the wafer with acetone, IPA and DI water and dry it with N2 gas. 

4. Spin coat AZ5214E positive-photoresist (or equivalent) at 3000 rpm for 40 s onto 

the oxidized wafer. 

5. Soft bake the coated wafer at 110°C for 2 min on top of the preheated hotplate 

6. Expose that wafer to UV light under Karl Suss MA6 Mask Aligner using the 

previously designed clearfield pattern mask at 90 mJ/cm2 

7. Develop the pattern by leaving the wafer in MF726 (or equivalent) for 30 s. 

8. Rinse the wafer by DI water. 

9. Leave the wafer at 110°C for another 2 min. 

10. Immerse the patterned wafer into the Au etchant solution to remove the gold layer 

in the exposed area for 30 sec. 

11. Immerse the patterned wafer into the Cr etchant solution to remove the chromium 

layer in the exposed area for 30 sec. 

12. Remove the photoresist using acetone, isopropyl alcohol (IPA) and water. 

13. Cover the back of the wafer with transparent adhesive covers. 

14. Etch the wafer by immersing it into 50 v % HF (w/w) solution until the desired 

depth is achieved. 

15. Rinse the wafer by DI water. 
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16. Remove the Au/Cr layer in the unexposed area by immersing the wafer into Au 

and Cr etchant solutions, respectively. 

17. Clean the wafer by using DI water and dry it by flowing N2 gas. 
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B.3. Microfluidic PDMS Layer Fabrication Procedure  

1. Coat the master with (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane 

(Gelest, Inc.) by placing the master inside the desiccator chamber with ~4 drops of 

silane in weigh boat. 

2. Coat the master by degassing the chamber for ~30 min. 

3. Mix the PDMS base with the curing agent (Sylgard 184 PDMS kist, Dow Corning, 

Inc.) at 10:1 ratio 

4. Pour the PDMS mixture into a weigh boat and degas the mixture using the 

desiccator for 40 min. 

5. Place the coated master in a petri dish and secure it with capton tape. 

6. Pour the PDMS mixture on top of the master. 

7. Place the petri dish inside the desiccator chamber and degas for 20 min. 

8. Cure the PDMS layer in an 85°C until the layer for 4 hours. 
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B.4. Glass Drilling Procedure  

1. Put a mark with a permanent marker for fluidic or pneumatic access hole on top of 

the borosilicate glass. 

2. Attach borosilicate glass to another glass substrate by melting wax between these 

two substrates.  

3. Place a black rubber beneath the bonded substrates as vibration absorber. 

4. Add a drop of water on the marks before drilling. 

5. Drill the hole using the punch driller with appropriate driller bit. 

6. Once the drilling is complete remove wax between two substrates by sonicating 

them in acetone solution for 30 min. 

7. Rinse the substrates by DI water. 
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B.5. Anodic Bonding  

1. Clean the etched silicon substrate and the drilled glass substrate by immersing 

them into piranha solution for 40 min. 

2. Add a drop of water on silicon substrate and align it with glass substrate so that 

temporary bonding can be implemented. 

3. Load them into the bonding equipment by facing the glass substrate down and in 

contact with ground plate (cathode).  

4. Implement the anodic bonding process by applying appropriate force, temperature, 

and voltage values to the substrates until the bonding is complete. 
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B.6. Methanol Bonding Procedure 

1. Remove the PDMS layer from the master by peeling with tweezer. 

2. Punch the fluidic or pneumatic access holes by using a needle of the appropriate 

size for the tubing. 

3. Flow N2 to remove the dust from the excess PDMS from the hole. 

4. Place the glass substrate and the PDMS layer inside the oxygen plasma chamber 

(Harrick Plasma, Inc., Ithaca, NY). 

5. Close the chamber door, valves and vacuum the chamber for 2 min. 

6. Apply oxygen plasma treatment to the substrates for 2 min by adjusting the air 

flow to 10 militorr (mTorr) and setting the chamber to `High` position. 

7. Remove the substrates by turning off the vacuum pump and opening the chamber 

door. 

8. Place the substrates on the microscope. 

9. Add couple drops of methanol between the substrates and align them under the 

microscope. 

10. Once the methanol is evaporated put the assembled device on 85°C for ~8 hours 

to complete the bonding process. 
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APPENDIX C 

SALMONELLAE CULTURING AND LYSOGENY BROTH (LB) MEDIUM 

PREPARATION 

 

C.1. Lysogeny Broth (LB) Media 

1. By the help of magnetic stirrer, mix 5 grams of yeast extract, 10 grams of sodium 

chloride and 10 grams of peptone into a glass bottle filled with a liter of purified 

water.   

2. Sterilize the mixture inside the autoclave for 15 minutes at 120°C and 15 psi. 

 

C.2. Salmonella Culture 

1. Add small amount of salmonellae from the agar plate (agar plate is the 

salmonella banking) to LB medium. 

2. Keep the tube with salmonella strains inside the incubator to let them grow 

overnight at 37°C. 
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