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Abstract 

As blood circulates throughout the body, it delivers different nutrients and oxygen and removes 

waste. Numerous blood cells characterize the physiological condition of the body and changes in 

the quantity and condition of blood cells can result in disease; thus, the isolation of certain blood 

cells can aid in the diagnosis and treatment of various diseases.  

Conventional techniques for blood cell separation are time-consuming, costly, and can result in 

morphological changes due to high shear stress. Innovative lab-on-a-chip-based separation 

techniques have been utilized to solve these issues. Acoustofluidics (i.e., a coupling of 

microfluidics and acoustics) has been one of the most effective approaches for separating cells, 

EVs, and synthetic microparticles among the different methods introduced. In contrast to 

conventional separation procedures used in clinical laboratories, which are focused on chemical 

qualities, the acoustofluidic process depends on the sample's physical properties. Studies working 

on blood cell separation using acoustophoretic technique are mostly limited to separation/purifying 

RBC and Platelets. In contrast, the separation of different subtypes of WBCs has not been 

investigated thoroughly since the cutoff size of different types of white blood cells is narrow.  Thus, 

separating such cells requires enhanced precision, significantly if the method used is only sized-

based. This work studies the potential of using a two-stage parallel standing surface acoustic wave 

(paSSAW) acoustofluidic platforms in separating microparticles with small cutoff sizes. The first 

stage of the device employs a combination of acoustic and hydrodynamic focusing mechanisms to 

boost the alignment efficiency prior to the second stage. The second module of the device separates 

the microparticles using a paSSAW acoustofluidics platform. In this thesis, a three-dimensional 

numerical simulation has been developed to maximize the performance of the platforms mentioned 

above and study the effect of different design parameters on the precision of the separation. The 
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numerical results were then validated by a subsequent experimental study. In complete agreement 

with the numerical result, the developed platform achieved a high-resolution separation of 2 µm 

cutoff size where 10µm and 8µm diameter polystyrene microparticles were successfully separated 

with an accepted rate of purity of >80%. 

 

Keywords: acoustofluidics, microparticle separation, surface acoustic wave (SAW), parallel 

standing surface acoustic wave (paSSAW), pressure node (PN), pressure anti node (PAN), acoustic 

radiation force (ARF), interdigital transducer (IDT)  
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Chapter 1: Introduction 

1.1 Bioparticle separation/isolation 

Separating individual chemicals from mixtures has been utilized in numerous domains, 

including biological study, spectrometry, and the detection of disease[1]. In recent decades, the 

separation of cells and bioparticles for various biological and medicinal applications has received 

increased attention. Certain diseases are diagnosed based on the detection of pertinent pathogens 

or cells, and the successful isolation of these particles is a crucial prerequisite for correct detection. 

Isolation, separation, and focusing of bioparticles are foundational processes in many of these 

fields of application [2], [3]. Several traditional separation techniques have been used to perform 

this objective for a very long time[4]. These methods take advantage of variations in the cells form, 

size, density, and conductivity[5]. Immunoassay cell separation[6], fluorescence-activated cell 

sorting)[7],and density gradient centrifugation[8] are all examples of well-established methods 

frequently used in cell biology applications. Nevertheless, they need lengthy processing times, vast 

volumes of specimens and chemicals, and have been linked to human mistakes [9]. 

1.1.1 Microfluidics bioparticle/cell separation 

In recent decades, improvements in the development of lab-on-a-chip (LOC) technologies 

have made it feasible to do a complete or partial experiment on devices barely larger than a 

smartphone[10]. Using diverse techniques, microfluidic devices might be easily produced and 

linked with various systems. In addition, the flow pattern is laminar and has less complexity, which 

enhances flow control and simplifies the procedures. As the channel scale is diminished, fewer 

samples and reagents are needed for assessment[11]. These technologies have been widely used 

in various applications, including diagnostics[12], proteomics[13], and cell-based research[14], 

[15].  
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 According to the separation principle, microfluidics-based devices can be generally split 

into two groups: passive and active techniques. Passive separation methods include microstructural 

filtration [16], deterministic lateral migration[17], hydraulic[18], and inertia-based separation 

methods [19]. Passive separation methods utilize a specifically engineered channel or fluid flow 

to alter the direction of particles. In contrast, active separation techniques utilize an external field, 

including electrical[20], magnetic [21], acoustic [22], and optical [23] fields, to impose a force on 

particles and cells to separate them. Compared to active methods, passive methods offer greater 

throughput and are easier to fabricate. Although, passive approaches for separating biomolecules 

have been found to result in a lower purity than active methods [24]. Active methods offer a wide 

variety of advantages. They are non-invasive (contactless), label-free (since it is not necessary to 

use antibodies or beads in most cases), and show better biocompatibility, which allows the 

integrity, functionality, and viability of cells and biological compounds to be perfectly preserved 

during the process. Also, they can manipulate particles and cells within simple and low-cost 

microchannels[25]. 

All the mentioned active isolation techniques depend on the microparticles' size. However, 

it should be mentioned that similarities in the electrical characteristic of the microparticles and the 

medium substantially reduce the effectiveness of the electrically based separation method [26]. 

Furthermore, the magnetic-based manipulation technique can only be utilized if the particles are 

magnetic[27]. 

Particularly, the acoustofluidic-based cell manipulation approaches address and resolves 

these challenges, since it is the only active method that operates on the basis of mechanical 

qualities as opposed to electrical or magnetic characteristics. acoustofluidics is promising 

technology that combines 
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acoustic radiation waves in microfluidic platforms to manipulate particles and fluid in 

micro scale. In addition, it has proven to be a promising method for the isolation/recovery of 

bioparticles due to its low cost, simple fabrication, label-free and contact-free microparticle 

manipulation, excellent biocompatibility, and stability [28], [29]. 

1.1.2 Applications of acoustophoretic in bioparticle separations 

The term acoustofluidics refers to the use of ultrasonic waves in microfluidic systems. On 

the basis of the acoustic wave guiding technique, acoustofluidic platforms can be divided into two 

categories [30], [31]: Surface Acoustic Wave (SAW) [32], and Bulk acoustic Wave (BAW[33]).  

SAW has been widely used for many biological applications, whereas BAW is confined to 

applications requiring high frequencies[34]. Surface acoustic waves are mechanical waves that 

travel primarily along the surface of an elastic substance. These waves combine a longitudinal 

compression movement with a transverse shear movement having wave vectors orthogonal to the 

surface normal direction [35], [36]. In SAWs The waves are generated by interdigital transducers 

(IDTs) [37], which are comb-shaped electrodes patterned on a piezoelectric material's surface, and 

their transmission continues until they reach the PDMS-made microchannel. 

SAW-based bioparticle manipulation has been efficiently implemented in a variety of 

microfluidic applications, including blood cells separation [38]–[41], separation of cancer cells 

[42], [43], separation of bacteria and virus [44], [45], separation/purification of proteins [46], 

separation of exosomes [47], [48].  

The symptoms of a bacterial infection can be quite severe at times. In order to confirm a 

diagnosis and determine what kind of bacteria is responsible for an infection, rapid and efficient 

isolation of bacteria from complex body fluids is essential. Ning et al.[49] created a serpentine 

acoustofluidic device for separating E. coli bacteria from white blood cells. By enclosing samples 
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in an acoustic field, their device increased the action length and allowed a greater flow rate. 

Because the ARF was weaker, the smaller bacteria stayed in the middle of the channel, while the 

larger WBCs moved to the pressure nodes, each exiting the channel through a different location. 

The result demonstrated a separation purity of 92.7% and a flow rate of 25 mm s-1, which are 

superior to those reported for similar devices.  

In another work on bacteria separation Sixing Li et al. [50] presented an acoustofluidic 

device for the separation of Escherichia coli (E. coli) from human blood samples by use of the 

tilted-angle standing surface acoustic wave (taSSAW) technique based on the size difference 

between E. coli and blood cells. The purity of the E. coli isolated from red blood cells is greater 

than 96%, as determined by flow cytometry. Because of the elimination of blood cells, the label-

free electrochemical detection of the separated E. coli shows fewer non-specific signals. 

Using a microfluidic device and standing surface acoustic waves (SSAWs) Jeonghun Nam 

et al.  [51] presented a way to isolate platelets from undiluted whole blood. Microfluidic channels 

made of polydimethylsiloxane (PDMS) were combined with interdigitated transducer (IDT) 

electrodes patterned on a piezoelectric substrate. Flow cytometric analysis revealed that the RBC 

clearance ratio in whole blood was greater than 99.9% and platelets had a purity level of 

approximately 98%. 

In order to separate particles based on the intensity of the acoustic radiation force, it is 

common practice to focus them along the wall of the channel and then expose them to the force. 

The particles travel laterally towards the pressure nodes, which are typically located in the middle 

of the channel because the acoustic field is orthogonal to the flow. Particles of varying sizes can 

be directed to distinct exits by modifying the channel's flow rate, width, and length in addition to 

the acoustic wave's intensity. Chen et al. [52] demonstrated that this method can separate platelets 
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from whole blood at a high throughput. Their device, operating at a flow rate of 10 mL min1, was 

able to separate more than 85% of WBCs and RBCs and recover more than 80% of platelets. 

Whole blood samples are introduced at the lower end of the device and guided to the area around 

the pressure antinodes. The acoustic force lifts all particles, but the larger RBCs and WBCs feel it 

more strongly than the smaller platelets do. Consequently, they accelerate toward the upper 

channel and dissociate from the platelets. 

 

 

1.2 Motivations 

Studies working on blood cell separation using acoustophoretic techniques are mostly 

limited to separation/purifying RBC and Platelets [53] whereas separation of different subtypes of 

WBCs has not been investigated thoroughly due to the fact that the cutoff size of different types 

of white blood cells is narrow hence separating such cells requires enhanced precision especially 

if the method being used is only sized based [54].  

 Hence, the primary motivation of this work is to investigate the feasibility of the proposed 

two-stage paSSAW acoustophoretic design to reduce the cutoff size of microparticle separation 

with the potential application of separating subtypes of WBCs or other close-range size 

bioparticles. In this study, we have employed a 3D numerical model using COMSOL software to 

investigate the effect of IDT and channel configuration in the efficiency of particle separation. 

Moreover, most of the numerical studies on microparticle manipulation are limited to 2D/1D 

simulation which cannot provide the proper solution for precisely studying the mechanism of 

microparticles separation. 
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Many studies solely explored a 1D harmonic standing waves modeling method to model 

the fluid's acoustic pressure distribution numerically[55]–[57]. The 1D HSW model is incapable 

of computing the actual acoustic pressure variation within the microchannel. When SSAW leaks 

into the fluid and PDMS domains, longitudinal waves are mostly responsible for the disparity 

between the actual result and that predicted by 1D HSW. Fundamentally, the mismatch in acoustic 

impedances between PDMS and the fluid is responsible for the acoustic energy reflection caused 

by longitudinal waves. In this context, an accurate representation of the acoustic pressure variation 

arising from SSAW within the microfluidic channel is particularly desirable [58].  

Several attempts have been made to enhance the precision of numerical simulations by 

including 2D modelling. Using a 2D numerical simulation, Nitesh et al. [59]determined the first-

order fields that drive acoustic streaming along with the time-averaged acoustic emission forces 

applying on suspended particles. However, they reduced the system by leveraging the piezoelectric 

substrate's action rather than representing it as a separate domain. As a result of ignoring the 

piezoelectric's internal energy dissipation, this approximation adds an inherent bias to the 

computed acoustic pressure. In a separate investigation, Hsu et al. [60]  studied the application of 

dual-wavelength SSAW for directing the migratory of microparticles towards the 

microchannel.  However, this research was restricted to the fluid domain, and the impact of the 

PDMS walls and the piezoelectric zone were not fully comprehended. 

Therefore, numerical models can be utilized to allow for the influence of channel 

components (materials and rotations) in the SAW path. Because walls are an integral part of these 

devices, it is crucial to relate particle actuation to the channel configuration instead of underlying 

SAW, enabling highly targeted patterning and focusing behaviors that can be integrated by altering 

the channel characteristics[61]. Moreover, proper evaluation of microparticles behaviors in 
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acoustophoretic applications not only requires modeling the PDMS walls but also proper 3D 

modeling is needed to account for designing the proper channel length as well as calculating the 

lateral displacement of micro particles.  

All the mentioned limitations of prior studies necessitate additional work in order to acquire 

insight into acoustophoretic-based microparticle manipulation and improve the early design 

elements of acoustofluidic chips. By utilizing the optimal parameters used in the design of the 

acoustofluidic chip, particle/cell manipulation and separation would be accomplished in a highly 

accurate and controllable manner. 

. 

1.3 Objective 

1- Implementing a 3D numerical model for the parametric study of the effect of various 

operational conditions and device attributes. In order to conduct a numerical simulation of the 

paSSAW field, the optimal values for the operational circumstances and geometry are determined 

using first-order equations. After computing the optimal values, the trajectories of microparticles 

of various sizes are examined. 

2- Using experimental testing conducted under the same conditions to validate the 

numerical simulation. 

3- Utilizing the proven optimal values in the acoustofluidic chip's final design. This step 

focuses on determining the separation efficiency of microparticles of various sizes. 
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Chapter 2: Background theory and working principle 

2.1 Piezoelectricity background theory 

There are numerous techniques for producing ultrasonic waves, including piezoelectric 

[62], electrostriction [63],  magnetostriction [64]  and electromagnetic [65]. The piezoelectric-

based approach is widely employed in the excitation of ultrasonic waves in SAW-based 

microfluidic devices due to its capacity to generate highly repeatable complicated form and 

frequency content waves, as well as excite diverse wave modes [66]. In addition, piezoelectric 

transduction provides substantial forces at low strain rates for manipulation, as well as relatively 

high voltages and low currents for detecting [66]. 

To create piezoelectric waves, a crystal free of a symmetry center is required. Mechanical 

and electrical properties of piezoelectric materials exhibit high anisotropy. Consequently, a 

mechanical displacement field is produced by the fluctuation in surface charge density on the 

crystal face. SAW features both transverse and longitudinal mechanical displacement components 

moving near the surface of the piezoelectric material. SAW can generate a broad spectrum of 

frequencies from MHz to GHz, which reduces the acoustic wavelength and enhances the 

performance of such devices [67]. 

Lithium niobate (LiNbO3) is the most common material utilized to fabricate SAW devices. 

Low acoustic attenuation and temperature coefficient of delay, as well as impulsive polarization 

and high acoustic velocity have made the LiNbo3 the preferred material in surface acoustic wave 

applications [68] 
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2.2 Interdigital Transducer (IDT) configuration 

To produce surface acoustic waves (SAWs), an electric alternating current (AC) signal 

with a resonant frequency is delivered to an acoustic wave production element known as an 

interdigitated transducer (IDT) [69] 

IDTs consist of comb-pattern metal electrodes placed on a piezoelectric material to 

transmit electrical energy to mechanical energy [70] 

The size and shape of IDTs must be tuned to enable activation at the resonance frequency, 

thus enhancing the durability and reproductivity of SAWs and maximizing the conversion of 

electric energy to mechanical power [71]. As shown in Figure 1, the most fundamental IDT design 

consists of two parallel sets of rectangular metal fingers that are spatially periodic. The frequency 

of the finger pairs (pitch) determines the wavelength of the generated SAW, so that the space 

between each pair of fingers is λ𝑆𝐴𝑊/4. 

 

Figure 1) Schematic of the interdigitated electrode configuration parameters 
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To produce steady Rayleigh waves, the IDT pitch must correspond to the SAW wavelength 

( SAW ). The speed of sound in piezoelectric crystals ( Piezoc ) is related to the material parameters of 

the substrate and the direction of sound propagation. Consequently, the resonance frequency of a 

specific device is governed by the substrate, IDT configuration, and propagation direction, which 

can be represented as: 

0
Piezo

SAW

c
f


=                                                                        Eq. 2.1 

2.3 Acoustic radiation force working principles 

When SAW waves encounter a liquid or solid medium, they are transformed into leaky 

surface acoustic waves [72]. Through the viscous damping generated by the acoustic streaming 

flow (ASF) in the fluid, the propagating LSAW decelerates and delivers an acoustic radiation force 

(ARF) to micron size particles. SAW that is emitted away from the IDT is known as a traveling 

surface acoustic wave (TSAW), whereas a standing surface acoustic wave (SSAW) is formed 

whenever two identical traveling SAWs spread in opposite directions and interfere effectively [73]. 

Both forms of SAW generate ARF and ASF in the fluid, but the primary objective is to reduce the 

impact of ASF in order to enhance the effectiveness of ARF for microparticle manipulation. This 

objective is more easily attained by SSAW than by TSAW, as ASF generated by oppositely 

traveling TSAWs neutralize one another, thus reducing the overall strength of ASF. In addition, 

SSAW provides superior flexibility and operates at lower frequencies than TSAW[73]. 

Inside the microchannel, the surface standing acoustic wave produces a periodic pattern of 

pressure nodes (lowest pressure amplitude) and anti-nodes (highest pressure amplitude). 

Depending on the density, compressibility, and dimension of the microparticles and medium, the 

acoustic radiation force (ARF) induced by acoustic pressure drives the microparticle toward the 
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pressure nodes (PNs) or anti-nodes (PANs) in the SSAW region. It should be mentioned that based 

on the properties of the polystyrene microparticles used in this study, the acoustic radiation force 

on particles are towards the pressure nodes (PN) created inside the channel; in other words, 

particles will be focused on pressure nodes.  

The movement of microparticles under the action of ARF in acoustofluidic devices in 1D 

harmonic standing waves (HSW) can be described by the ARF equation introduced by Yosioka 

and Kawasima's [74] are formulated as follows:  

2
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( ) ( , )sin(2 )
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= −                  Eq. 2.2 

5 2
( , )

2

p f p

p f f

  
  

  

−
= −

+
                       Eq. 2.3 

Where 0, , , , ,pV p x k   are the volume of the micro particles, acoustic pressure, 

distance from a pressure node, compressibility, wavelength, density, and wave number, 

respectively. The subscripts f and p represent the fluid and microparticle, respectively. 

2.4 Governing equation for numerical simulations  

In microfluidics, there are primarily two techniques to modelling the separation of particles 

and cells. The Lagrange method is the most popular technique for modeling the continuous 

separation of particles and cells. This method disregards Brownian motion and solves the 

Newtonian equation of single particle motion. Using an Eulerian approach, particles are treated 

collectively in terms of a time-dependent spatially variable concentration, which is determined 

using a partial differential equation that takes into account the drift force and Brownian diffusivity 

of the particles. The Euler method is typically utilized for nanoscale particle separation when 

Brownian motion effects are prominent. The Brownian forces are minimal due to the size of the 



12 

 

particles used in the majority of microfluidic separation research, which is typically hundreds of 

nanometers [75]. In this study, we therefore only consider the Lagrangian method, in which 

particles are modeled as discrete units, and each particle's motion is computed using classical 

Newtonian dynamics. Therefore, the numerical model acquired in this study is only suitable for 

Newtonian fluids such as water. 

The particles' trajectory is computed by balancing the two major forces acting on them: 

acoustic radiation force (𝐹𝑟) and fluid flow-induced drag force (𝐹𝐷). The motion of the 

microparticle is calculated by Equation 2.4. 

 

             𝐹𝑟 + 𝐹𝐷 = 𝑚𝑝

𝑑𝑢𝑝

𝑑𝑡
 

Eq. 2.4 

 

 

where 𝑚𝑝and 𝑢𝑝are the mass and velocity of the particle, respectively, and t represents 

time. For spherical particles, the Gorchov [76] radiation force is described by Equations 2.5 and 

2.6. Particle and fluid are represented by the subscripts p and f, respectively. 

𝐹𝑟 = ∇[𝑉𝑝 (
3(𝜌𝑝−𝜌𝑓)

2𝜌𝑝+𝜌𝑓
𝐸𝑘𝑖𝑛
̅̅ ̅̅ ̅ − (1 −

𝜌𝑓𝑐𝑓
2

𝜌𝑝𝑐𝑝
2) 𝐸𝑝𝑜𝑡

̅̅ ̅̅ ̅̅ )], 

where 

Eq. 2.5 

 

𝐸𝑘𝑖𝑛
̅̅ ̅̅ ̅ =

1

4
𝜌𝑓|𝑢𝑎𝑐|2, 𝐸𝑝𝑜𝑡

̅̅ ̅̅ ̅̅ =
|𝑝𝑎𝑐|2

4𝜌𝑓𝑐𝑓
2 Eq. 2.6 

 

            where 𝑉𝑝 is the particle volume and ρ and c are the density and speed of sound, respectively. 

(𝐸𝑘𝑖𝑛
̅̅ ̅̅ ̅) and (𝐸𝑝𝑜𝑡

̅̅ ̅̅ ̅̅ ) represent the average kinematic and potential energy densities across time, 

respectively. The Stokes' drag force (shown in Eq. 2.4) was used to model the particles' drag force.     
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               𝐹𝐷 = 3𝜋𝜇𝑑𝑝(〈𝑣〉 − 𝑣𝑝) Eq. 2.7 

 

where 𝑣 is the average flow velocity throughout time. Furthermore, the distribution of 

harmonic acoustic pressure was computed using the Helmholtz wave equation [77], which is stated 

as follows: 

 

 ∇. (−
1

𝜌̅𝑘
∇𝑃) −

𝜔2

𝜌̅𝑘𝑐𝑘̅
2 𝑃 = 0, Eq. 2.8 

 

 

where 𝑃  is the acoustic pressure and 𝜌̅𝑘, 𝑐𝑘̅, and 𝜔 are the equivalent medium density, 

corresponding medium sound velocity, and angular frequency, respectively. 

The fluid flow simulation was done by solving the continuity and momentum equations.  

 
𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑢) = 0, Eq. 2.9 

 

 𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢. ∇𝑢) = −∇𝑃 + 𝜇∇2𝑢 + (𝜇𝑏 +

1

3
𝜇) . u Eq. 2.10 

 

 

Where is 𝜌 the fluid's density, 𝑃 is its pressure, 𝑢 is its flow velocity, and 𝜇𝑏 is its bulk 

viscosity. 

The following are the linear piezoelectric constitutive equations: 

            𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝑠𝑘𝑙 − 𝑒𝑖𝑗𝑚𝐸𝑚, Eq. 2.11 
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 𝐷𝑚 = 𝑒𝑚𝑖𝑗𝑠𝑖𝑗 + 𝜀𝑚𝑘𝐸𝑘, Eq. 2.12 

 

 

Where 𝜎 is the matrix of mechanical stress and 𝐷 is the electric displacement vector. The 

term 𝐸 represents the electric field, 𝜀𝑚𝑘is the second-order tensor of the dielectric matrix, 𝐶𝑖𝑗𝑘𝑙 is 

the fourth-order elasticity tensor, 𝑒𝑖𝑗𝑚 is the third-order piezoelectric stress matrix with the 

function of coupling the electric field with mechanical actuation, and 𝑠𝑘𝑙 is the second order strain 

tensor.  

In this study the properties of material and operating conditions used in both our numerical 

and experimental studies are listed in Table 1[78]. 

 

Table 1) List of the properties of the material used in this study 

Material Symbol Value 

Water   

Density 𝜌0 997 [𝑘𝑔/𝑚3] 
Speed of sound 𝑐0 1497 [𝑚/𝑠] 
Shear viscosity 𝜇 890 [𝑃𝑎. 𝑠] 
Bulk viscosity 𝜇𝑏 2.47 [𝑚𝑃𝑎. 𝑠] 
   
PDMS   
Density 𝜌𝑃𝐷𝑀𝑆 920 [𝑘𝑔/𝑚3] 
Speed of sound 𝑐𝑃𝐷𝑀𝑆 1076.5  [𝑚/𝑠] 
Attenuation coefficient @ 6.65 MHz 𝛼𝑃𝐷𝑀𝑆 31 [𝑑𝐵/𝑐𝑚] 
   
Polystyrene particle   
Density 𝜌𝑃𝑆 1060  [𝑘𝑔/𝑚3] 
Speed of sound 𝑐𝑃𝑆 2050 [𝑚/𝑠] 
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2.5 Design of the two-stage acoustofluidic device 

In this work, a two-stage parallel standing surface acoustic wave (paSSAW) acoustofluidic 

platform is designed to study the separation of microparticles. As demonstrated in Figure 2, the 

first stage of the device employs a combination of acoustic and hydrodynamic focusing 

mechanisms to boost the alignment efficiency prior to the second stage. The second module of the 

device separates the microparticles using a paSSAW acoustofluidics platform. At the focusing 

stage, the lateral location of the microchannel is shifted by 𝜆𝑆𝐴𝑊/4 (with respect to the center of 

IDT distance) to have one pressure node at the channel’s center. Moreover, two side sheath flows 

are applied to ensure that particles are in the area where the acoustic radiation force is towards the 

center. 

At the separation stage, the microchannel is placed in the middle of the second pair of 

IDTs, which enables having one pressure anti-node at the center. Therefore, the focused particles 

entering this region will experience the acoustic radiation force toward the side walls. It should 

be mentioned that the location of PAN at this stage is slightly deviated from the focusing line 
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location (prior stage) to ignore symmetric particle migration.

 

Figure 2) Schematic of the designed acoustofluidic device for microparticle separation. a) 3D SolidWorks model b) 

top view of the devise showing microparticle focusing at the first stage and separation at the second stage. c) cross 

section view of the focusing stage of the device (A-A’) d) cross section view of the separation stage of the device 

(B-B’) 
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Chapter 3: Experimental setup and microfabrication procedure 

This chapter describes the microfabrication processes used to manufacture the acoustophoretic-

based microparticle manipulator. Moreover, the experimental setup, instruments, and experimental 

procedures are detailed. The acoustophoretic-based device comprises interdigital transducers 

constructed of gold electrodes printed on a piezoelectric substrate and bonded to a 

polydimethylsiloxane (PDMS) channel. These components were fabricated using 

photolithography processes. 

3.1 Fabrication of interdigital transducers  

In this study, the designed interdigitated electrodes were fabricated using photolithography 

to create the pattern on gold-deposited piezoelectric substrates. We chose gold as the conducting 

layer due to its exceptional electrical conductivity and durability. Although, there is little bonding 

between gold and piezoelectric substrate. To improve adhesion, a thin layer of chromium is often 

placed on the substrate  to provide sufficient bonding interaction between the gold and the substrate. 

For the fabrication of IDTs, first, a 15-nm layer of chromium followed by a 100-nm layer of gold 

was sputtered on the surface of the LiNbO3 wafer with a sputtering machine. Then, using a typical 

photolithography procedure, the electrodes were patterned. To do so, first, a thin layer of positive 

photoresist, S1805, was coated on the Lithium surface using a spin coater machine. Then, the 

coated substrate was soft-baked at 115 degrees Celsius on a hot plate for about one minute. 

Following that, using the mask aligner instrument, the substrate was exposed to UV light through 

a photolithography mask for about 10 seconds. Figure 3 shows examples of designed photomasks 

that were printed by CAD/Art Services, Inc. Following this step, the LiNbO3 wafer was submerged 

in a photoresist developer (MF-319 developer, MicroChem Corp.) to remove the unexposed 

photoresists. Next, through the wet etching process, gold and chromium etchants removed the 
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undesired gold and chromium, and the electrodes were subsequently patterned. Then, the residual 

photoresist was subsequently eliminated using a photoresist remover (MICROPOSIT® 

REMOVER1165). The chip was after that cleaned with DI water and dried with clean air. Figure 

4 shows a LiNbO3 wafer through the fabrication process to pattern the IDTs.  

 

Figure 3) Photolithography masks printed by CADART for fabricating microchannels (top) and IDTs 

(bottom) 
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Figure 4) A LiNbO3 wafer through the fabrication process to pattern the IDTs 

 

3.2 Microchannel fabrication  

In order to create the PDMS-based microchannel, SU8 mold structures were created on 

silicon wafers. Then, using soft lithography, PDMS channels were fabricated from the molds. 

Depending on the designed height of the microchannel, the proper SU8 photoresist (either 2025 or 

2075) was spin-coated on silicon wafers. Adjusting the proper coating speed, UV exposure time 

and baking times based on the information provided by the SU8 manufacturer (MicroChem) the 

desired height of the SU8 structure can be fabricated on the silicon substrates. After the spin 

coating of the photoresist was completed, the wafer underwent a soft-baking process at 65 degrees 

Celsius and then 95 degrees Celsius. The wafer was next subjected to ultraviolet radiation while it 

was placed in front of a custom-made photolithography mask. Figure 3 shows some examples of 

photomasks used for creating SU8 molds. During this step, the light was selectively transmitted 

through the portion of the mask that was transparent in order to crosslink SU8 with the desired 
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pattern on the chip. Following this step, there was a subsequent baking cycle at temperatures of 65 

and 95 degrees Celsius. After that, the wafer was submerged in SU8 developer that was constantly 

being stirred while it was processing. Next, the wafer was cleaned with isopropanol and hard-

baked at 150 degrees Celsius for half an hour. Furthermore, to form the PDMS channels in a weight 

ratio of 10 to 1, PDMS and its curing agent (SYLGARDTM 184 Silicone Elastomer, Dow 

Corning) were thoroughly combined and put into the created mold. After degassing the solution 

using a vacuum pump, the PDMS was put in an oven at 80-85 °C for about 4 hours to be cured.  

 

3.3 Bonding PDMS to LiNbO3 

After pealing the PDMS from its mold and cutting off the channels, the inlets and outlets 

were punched using a 1mm diameter Biopsy punch (Miltex R). Then, the channel and the IDTs 

were placed in an Oxygen Plasma machine to be plasma treated for 30 seconds and 1 minute, 

respectively. The power and the oxygen flow rate used for plasma treatment were 25 Sccm and 50 

W, respectively. Finally, using a mask aligner instrument, the channel was precisely placed in its 

designed location on the substrate. Also, to establish a flawless bonding, the chip was heated at 80 

degrees Celsius for 2 hours on a hotplate. Figure 5 represents an example of a fabricated 

acoustofluidic chip. 
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Figure 5) An example of an assembled two-stage acoustofluidic chip 

 

3.4 Experimental setup and sample preparation Procedure 

Figure 6 shows the experimental setup and other essential equipment used in this study. 

A KD-scientific syringe pump is used to pump particles and sheath flow through 1-mL, and 500 

microL Hamilton gastight syringes into the micro-channel. A signal function generator ((81110A, 

Agilent Technologies Inc.)) and a power amplifier ((325LA, Electronics & Innovation Ltd)) 

are used to provide the appropriate RF signal with the desired frequency and amplitude to the 

IDTs.  Using a microscope (Leica. upright microscope (Z16APO, Leica Microsystems GmbH) 

equipped with a DFC340FX camera), the trajectory of the particles is observed. v network analyzer 

(Figure 7) device (Nano VNA) was used. Consequently, after connecting the VNA to the chip 

using alligator connectors and sweeping over a range of frequencies around the expected one (see 

Eq. 2.1), the resonant frequency of each device was found.  
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Figure 6) Experimental setup used in this study 

 

 

Figure 7) Using VNA device for measuring the resonance frequency of the fabricated IDTs 

For sample preparation, different sizes of 5.0% w/w polystyrene (PS) microparticles 

(Phosphorex Inc.) with a concentration of 10 𝑚𝑔/𝑚𝑙 were mixed in 1 𝑚𝐿 aqueous solution. 
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Moreover, 0.1% w/w Tween-20 and 1.0% w/w Glycerol for lowering the PS microparticle 

adherence to microchannel walls and LiNbO3 surface were used as well.  
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Chapter 4: Results and Discussion 

4.1 Investigating the effect of IDTs geometrical configurations 

Many parameters, such as microchannel and IDT geometry, applied voltage, and flow rate, 

are involved in defining the performance efficiency of the acoustofluidic devices. Due to the IDT 

design’s critical role in the SAW device’s frequency response and, consequently, the maximum 

power transmission here, the IDT geometrical parameters, including the number of fingers (NF) 

and distance between IDTs (d𝐼𝐷𝑇) have been studied. First, a numerical study is performed to 

assess the influence of the number of IDT fingers and also the distance between electrodes (d𝐼𝐷𝑇). 

Before simulations, the mesh independency analysis was performed where maximum acoustic 

pressure inside the microchannel was calculated using different mesh elements. Here, the input 

parameters are the same as those defined in section 4.1.1. It was found that for the piezo area, a 

minimum mesh size of λ𝑠𝑎𝑤/8, and for the PDMS/Fluid domain, a minimum mesh size of λ𝑠𝑎𝑤/25 

would provide acceptable precision (Figure 8-a). Moreover, Figure 8-b illustrates the structured 

mesh used for the numerical studies.  
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Figure 8) a) Mesh independency study, b) Illustration of the structured mesh used for the numerical studies 

 

4.1.1 Numerical analysis of IDT features 

The schematic of the simulation for this section is shown in Figure 9. Here, we use 2D 

numerical modeling to assess the influence of the number of fingers (NF) and IDT distance (𝑑𝐼𝐷𝑇). 

For each IDT configuration, the maximum acoustic pressure at the center is calculated. Here, we 

use Eq. 2.1 to estimate the resonance frequency, it should be noted that this equation only provides 

an approximation, but the exact amount depends on many factors that may include any mismatch 

to the system. For each simulation in this section, the height and width of the microchannel, the 

width of the PDMS wall, and the SAW wavelength are as follows: HC = 100µ𝑚 , WC = 200µ𝑚, 

WP = 100µ𝑚 and λSAW = 400 µ𝑚. Also, the voltage applied is considered to be 2V. 
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Figure 9) Schematic of the 2D numerical simulation for studying the effects of IDT configuration 

 

First, the effect of the distance between IDTs was investigated. Figure 10 shows that 

besides the overall reduction in acoustic pressure by increasing the distance (due to the wave 

attenuation in the LiNbO3 substrate), locally, there is no specific pattern in maximum acoustic 

pressure variation vs. IDT distance. This indicates that for specific problems, different IDT 

distances would result in different acoustic pressure distributions; thus, investigating such 

parameters should be done for a specific design, preferably using experimental analysis.  
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Figure 10) Variation of maximum acoustic pressure inside the channel based on different IDT distances, the number 

of IDT fingers NF = 10 

The effect of the number of IDT fingers (NF) was then evaluated. As shown in Figure 11, 

NF = 10 and NF = 8 result in higher power transmission; after that NF = 12 and NF = 26 give a 

better result. Additionally, to ensure that the effect of the number of IDT fingers is not biased by 

the IDT distance, the effect of two different numbers of IDT fingers on the acoustic pressure for 

different IDT distances was compared. The results (Figure 12) show that for each number of IDT 

fingers, the same trend exists when changing the IDT distance meaning that the number of IDT 

fingers NF = 10 and NF = 8 would give better results in any IDT distance.  
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Figure 11) Variation of maximum acoustic pressure inside the channel vs. the number of IDT fingers where 

𝑑𝐼𝐷𝑇 = 3mm 

 

Figure 12) Comparing the effect of two different numbers of IDT fingers on the acoustic pressure for different IDT 

distances 
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4.2 Experimental analysis of IDT configuration 

In this section, the IDT characteristic parameters, including the number of fingers (NF) and 

distance between electrodes, are experimentally investigated.  

Two main critical parameters that drastically influence the performance and cover both 

electrical and mechanical characteristics of the acoustofluidic devices are the reflection coefficient 

(S11) and bandwidth. The acoustofluidic devices should be designed to show the minimum 

reflection coefficient (S11) [79] and maximum bandwidth for the effective isolation of particles 

from a wide size range (from sub-micron to micron) without significant heat and bubble 

generation. It is important to note that a SAW device's efficiency is frequently correlated with its 

quality factor, denoted by 𝑄𝐹 =
𝑓𝑟

𝛥𝑓
 (see Figure 13) where the width of the resonant peak in the 

frequency space is determined at half of the peak's greatest amplitude [80]. As the acoustofluidic 

devices work under radio frequency signals (RF), the RF generator and transmission line 

impedance should match the load for the highest power delivery. Any impedance mismatch 

between the source and load causes the signal to be reflected to the source. 

In this section, we used VNA to obtain the frequency response of different IDT 

configurations.  Figure 13 represents the RF frequency response of three different IDT models. 
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Figure 13) Reflection coefficient (S11) vs. frequency of three different IDT configurations measured using 

NanoVNA machine 

 

Comparing two IDT designs, such as {NF  = 10, and 𝑑𝐼𝐷𝑇 = 5mm} with {NF  = 16, and 

𝑑𝐼𝐷𝑇 = 10mm } shows that for the first design, the power transmission is high (most minor S11 

parameter means the least reflection coefficient and highest power transmission)[79] but the 

quality factor (QF) is poor where any deviation from resonance frequency would significantly drop 

the power transmission. On the other hand, for the second design, the bandwidth is high (better 

QF), but the power transmission is weak. Lastly, for the third design IDT {NF = 10, and 𝑑𝐼𝐷𝑇 = 

10mm} the bandwidth and power transmission are balanced; therefore, for the rest of the 

experiments the designed IDTs feature 10 fingers with 10 mm distance between each two IDT 

pairs. 
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4.3 Numerical investigation of the effect of channel configurations, including PDMS walls 

In this section, a 2D numerical analysis is performed to study the effect of channel features, 

including the PDMS wall thickness and channel aspect ratio, on the pressure distribution across 

the microchannel.  

A numerical simulation is performed to show the morphology of wave propagation in the 

microchannel considering the acoustic window and PDMS wall thickness in the model. Two 

PDMS thicknesses of 𝑊𝑃=100µm and 𝑊𝑃=600µm is considered for a channel with a width of 

𝑊𝑐=200µm and the height of 𝐻𝑐=100µm. The applied voltage is considered to be 2V. Also, for the 

rest of the simulations in this section, the height of the PDMS wall is 𝐻𝑃=600µm.  

 

Figure 14) Contour of acoustic pressure distribution inside the PDMS wall and the microchannel (𝑊𝑃 =

600 𝜇𝑚,  𝑊𝐶 = 200 𝜇𝑚, 𝐻𝐶 = 100 𝜇𝑚  𝜆𝑆𝐴𝑊 = 200𝜇𝑚 ) 
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Figure 15) Contour of acoustic pressure distribution inside the PDMS wall and the Microchannel (𝑊𝑃 =

100 𝜇𝑚,  𝑊𝐶 = 200 𝜇𝑚, 𝐻𝐶 = 100 𝜇𝑚  𝜆𝑆𝐴𝑊 = 200𝜇𝑚 ) 

 

Figure 16) Contour of acoustic pressure distribution inside the PDMS wall and the Microchannel (𝑊𝑃 =

50 𝜇𝑚,  𝑊𝐶 = 200 𝜇𝑚, 𝐻𝐶 = 100 𝜇𝑚  𝜆𝑆𝐴𝑊 = 200𝜇𝑚 ) 
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As it is demonstrated in Figure 14 - Figure 16, the SSAWs emit attenuating acoustic waves 

into the PDMS that propagate upward. In the PDMS, the refractive acoustic radiation changes 

immediately into longitudinal waves. At the contact between the PDMS and the LiNbO3, 

longitudinal waves propagate with a noticeable Rayleigh angle of 14, which is in accordance with 

Snell’s law [81]. On the other hand, due to the mismatch between the acoustic impedance of the 

PDMS wall and water inside the channel, the incident wave is reflected at that interface. Although, 

given the short channel height, this reflection is counteracted by the leaky wave traveling from the 

PDMS wall to the center shortly after formation. Moreover, in the PDMS region, the weave 

propagation is primarily vertical, and a very weak wave propagation happens in the two PDMS 

regions above the acoustic window area.  In the water region, though, a typical SSAW is formed, 

and it seems that the wave propagation has not been affected by the acoustic window. This is 

because the thickness of the PDMS wall is large enough (regarding the channel dimension and the 

wavelength of the SSAW). As the PDMS width reduces to WP = 100 μm (Figure 15) and WP =

50 μm (Figure 16), we can see that the regime of wave propagation changes drastically both in 

PDMS and water regions. Therefore, it can be concluded that depending on the channel dimension, 

PDMS width and the wavelength of the propagated SAW, different pressure distributions might 

happen inside the channel that can affect the microparticle manipulation. Furthermore, the 

maximum acoustic pressure inside the microchannels increases as the PDMS wall thickness 

decreases. Around ~44% and ~63% reduction in maximum pressure were observed when the 

PDMS thickness increased from 50 μm to 100 μm and 600 μm, respectively. To further 

investigate the effect of acoustic window configuration on the acoustic pressure distribution inside 

the channel, several simulations containing different dimensionless ratios, 𝑊𝑃/𝜆𝑆𝐴𝑊, 𝑊𝐶/𝜆𝑆𝐴𝑊, 
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and 𝐻𝐶/𝜆𝑆𝐴𝑊 are conducted. The contour of acoustic pressure distribution for each configuration 

is shown in Table 2. 

 

 

Table 2) Acoustic pressure distribution contours and locations of pressure nodes (PN) for different SAW-

channel configurations (Voltage = 2V for all cases) 

Model Number Acoustophoretic parameters Acoustic Pressure Distribution 

1 

𝜆𝑆𝐴𝑊 = 400 µ𝑚 

𝑊𝐶 = 200 µ𝑚 

𝐻𝐶 = 50 µ𝑚 

𝑊𝑃 = 75 µ𝑚 

 

2 

𝜆𝑆𝐴𝑊 = 400 µ𝑚 

𝑊𝐶 = 200 µ𝑚 

𝐻𝐶 = 50 µ𝑚 

𝑊𝑃 = 100 µ𝑚 
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3 

𝜆𝑆𝐴𝑊 = 400 µ𝑚 

𝑊𝐶 = 200 µ𝑚 

𝐻𝐶 = 50 µ𝑚 

𝑊𝑃 = 150 µ𝑚 

 

4 

 

 

𝜆𝑆𝐴𝑊 = 400 µ𝑚 

𝑊𝐶 = 200 µ𝑚 

𝐻𝐶 = 50 µ𝑚 

𝑊𝑃 = 200 µ𝑚 

 

 

 

5 

 

𝜆𝑆𝐴𝑊 = 400 µ𝑚 

𝑊𝐶 = 200 µ𝑚 

𝐻𝐶 = 50 µ𝑚 

𝑊𝑃 = 250 µ𝑚 
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6 

𝜆𝑆𝐴𝑊 = 400 µ𝑚 

𝑊𝐶 = 200 µ𝑚 

𝐻𝐶 = 100 µ𝑚 

𝑊𝑃 = 250 µ𝑚 

 

7 

𝜆𝑆𝐴𝑊 = 400 µ𝑚 

𝑊𝐶 = 200 µ𝑚 

𝐻𝐶 = 100 µ𝑚 

𝑊𝑃 = 100 µ𝑚 

 

 

8 

𝜆𝑆𝐴𝑊 = 300 µ𝑚 

𝑊𝐶 = 200 µ𝑚 

𝐻𝐶 = 50 µ𝑚 

𝑊𝑃 = 50 µ𝑚 
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9 

𝜆𝑆𝐴𝑊 = 300 µ𝑚 

𝑊𝐶 = 200 µ𝑚 

𝐻𝐶 = 50 µ𝑚 

𝑊𝑃 = 100 µ𝑚 

 

 

Considering the results provided in Table 2, it seems two parameters significantly affect 

the acoustic pressure distribution: the ratio of  𝑊𝑃/𝜆𝑆𝐴𝑊  , and 𝐻𝐶/𝜆𝑆𝐴𝑊. For the small 𝑊𝑃/𝜆𝑆𝐴𝑊  

ratios the pressure distribution is completely affected by the acoustic window. On the other hand, 

for 𝑊𝑃/𝜆𝑆𝐴𝑊 > 0.5   it seems the formation of waves is almost similar. It should be mentioned 

that the pressure distribution of model 5 remained constant as the PDMS wall thickness increased 

up to 𝑊𝑃 = 600µ𝑚. On the other hand, the 𝐻𝐶/𝜆𝑆𝐴𝑊 ratio also affects the pressure distribution. 

Comparing the results for model 5 and model 6 shows that for larger heights, when there is not 

enough PDMS/LiNbO3 interface for wave formation in the PDMS wall, the mismatch between 

acoustic impedances generates short wavelength acoustic waves around the top of the channel. 

Moreover, it should be mentioned that besides the PDMS wall thickness (𝑊𝑃), channel aspect ratio 

𝑊𝐶/𝐻𝐶 also shapes the pressure distribution and location of pressure nodes inside the channel. 

Shorter heights confine the wave within the walls of the channel, causing smoother pressure 

distribution across the channel width, whereas for higher channel heights, the formed pressure 

distribution is sharp.  

Similarly, the acoustic pressure distribution is obtained for the particle focusing module 

where the channel was shifted by 𝜆𝑆𝐴𝑊/4  from the center of the IDT pair. Figure 17 represents 
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the pressure distribution for one of the configurations studied (𝑊𝑃 = 100 µ𝑚, 𝑊𝐶 = 200,   𝐻𝐶 =

100 µ𝑚 , 𝜆𝑆𝐴𝑊 = 400 µ𝑚). As can be seen, although 𝑊𝐶 = 𝜆𝑆𝐴𝑊/2  yet due to effect of the 

PDMS wall, the two pressure anti-node (PAN) that were expected to be on the channels wall are 

located inside the channel. This contraction in the wavelength due to PDMS wall effect was 

observed for all the cases studied (even for cases where the width of the channel was smaller than 

the half of the wavelength (𝑊𝑐 < 𝜆𝑆𝐴𝑊/2).  

 

Figure 17) Pressure distribution and the location of pressure anti nodes (PANs) inside the microchannel in 

the focusing mode (𝑊𝑃 = 100 𝜇𝑚,  𝑊𝐶 = 200 𝜇𝑚, 𝐻𝐶 = 100 𝜇𝑚  𝜆𝑆𝐴𝑊 = 400𝜇𝑚 ). 

 

 

This observation reveals the importance of using side sheath flow to assist the acoustic 

focusing module, by pre-focusing the particles within the desired acoustic field region (where the 

acoustic radiation force is toward the channel's center) and preventing particle aggregation towards 

the channel walls. 
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4.4 Sensitivity Analysis 

In this part, a sensitivity analysis is performed to assess the numerical model prediction of 

acoustic pressure distribution inside the. Here, for the analysis of a single factor the sensitivity S 

is defined by Eq 4.1: 

S = ΔK/ΔX                                                                                                                  Eq. 4.1 

where ΔX and ΔK are the differences in the parameters and the results (distance between 

two PANs), respectively. Comparing the sensitivity values in table three indicates that the variation 

in the width of the channel has the highest impact on the location of PANs, where increasing the 

channel length by 5mm leads to the deviation in the distance between PANs by 6 mm. Overall, the 

sensitivity values in Table 3 demonstrate that the validation of the numerical model will not be 

affected by common fabrication errors.    

Table 3) Sensitivity analysis study of the predicted acoustic pressure distribution, where X represents the 

parameters, and K denotes the distance between PANs (Figure 17) 

Parameter, 

X 

Parameter 

variation, 

ΔX 

Parameter 

variation (%) 

100×ΔX/X 

Result, 

K 

Result 

variation, 

ΔK 

Result 

variation (%) 

100×ΔK/K 

Sensitivity, 

S 

𝑊𝐶ℎ𝑎𝑛𝑛𝑒𝑙=200µm 5 µm 2.5% 99 µm 2.18 µm 2.2% 0.436 

𝐻𝐶ℎ𝑎𝑛𝑛𝑒𝑙=100µm 5 µm 5% 99 µm 1.09 µm 1.1% 0.29 

𝑊𝑃𝐷𝑀𝑆=100µm 5 µm 5% 99 µm 3.96 µm 4% 0.79 

𝜆𝑆𝐴𝑊=400µm 5 µm 1.25% 99 µm 0.1 µm 0.1 % 0.02 
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4.5 Numerical study of particle manipulation in the focusing stage 

Here, we use the COMSOL particle tracing module, which closely resembles experimental 

particle tracing and velocimetry, to examine the acoustophoretic motion of particles inside the 

microchannel. This module gives a Lagrange explanation of the motion of the particles where the 

location of each microparticle is individually assessed at various time intervals.  

In this section, the particle focusing stage of the device is numerically simulated to 

investigate the effects of several parameters, such as sample flow rate, sheath flow rate, applied 

voltage, and size of microparticles, on the performance of the focusing stage. The 3D model of 

this simulation was created using COMSOL modeling software (Figure 18). The parameters used 

for the next simulation are shown in Table 4. 

Table 4) Input value of the parameters used for the particle focusing simulation 

Parameter Value 

IDT number of fingers (NF) 10 

Distance between IDTs (𝑑𝐼𝐷𝑇) 5 𝑐𝑚 

Channel length 15 𝑚𝑚 

Channel width (𝑊𝐶) 200 µ𝑚 

Channel height (𝐻𝐶) 50 µ𝑚 

Wavelength (𝜆𝑆𝐴𝑊) 400 µ𝑚 

             PDMS thickness (𝑊𝑃) 200 µ𝑚 
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Figure 18) 3D model of the particle focusing stage (the model does not show the exact dimension) 

For the following simulations, particles are released at different locations respecting the 

channel center. According to the results obtained in the previous part (Figure 17), the distance 

between two anti-pressure nodes inside the microchannel was obtained to be 50%  of the channel 

width; thus, to avoid particle aggregation on the side walls in each simulation, the sheath flow rate 

needs to be at least equal to the sample flow rate ( Sheath sampleQ Q= ). 

In order to study the effect of microparticle size on the focusing performance, eight 

particles with the diameters of D = {2µm, 3µm, 4µm, 5µm, 6µm} are released at the pressure anti 

node on the left side of the channel. The applied voltage and the sample flow rate are 2V and 0.02 

µl/min, respectively. As shown in Figure 19, larger particles focus much faster toward the 

centerline. This is due to the fact that the acoustic radiation force is related to the volume of 

particles, as indicated in Eq. 2.5. 
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Figure 19) Microparticle focusing trajectory for different sizes (x and z denote the channel’s width and length 

directions, respectively). 

 Figure 20 demonstrates the lateral component of acoustic radiation force (Fr,x) on different 

particles along their migration toward the pressure node. The radiation force on each particle is 

zero at the pressure nodes and anti-nodes. At the pressure anti-node, the gradient of pressure is 

zero, whereas at the pressure node, the zero acoustic pressure results in zero acoustic radiation 

force. It should be mentioned that the direction of acoustic radiation force is inward at the pressure 

node while its direction is outward on the pressure anti-node, indicating that any misalignment in 

the location of particles relative to pressure anti-nodes could cause an entirely different 

displacement path for particles; Therefore, in real applications, it is crucial to make sure that the 

sheath flow rate is high enough to focus all of the particles towards the center line. Additionally, 

as indicated in Figure 20, the maximum lateral acoustic force exposed on the particle with a 
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diameter of 6 µm ( , 2.5r xF pN ) is almost eight times the force exposed on the particle with a 

diameter of 3µm ( , 0.31r xF pN ), which is in accordance with Eq. 2.4.  

 

Figure 20) Lateral component (x direction) of the acoustic radiation force on particles with diameters of 2, 3, 4, 5, 

and 6µm during their displacement towards the center of the channel, Voltage=2V  

 

Estimating the minimum channel length required for achieving the desired focusing 

efficiency is one of the main factors in designing the focusing stage. It should be mentioned that 

longer channels increase the chances of particle degradation and adhesion to the walls, cost of 

fabrication, and energy loss. Knowing this, the optimum design should provide maximum 

efficiency at the shortest channel length possible. This entirely depends on the application the 

device is used for, which means that the size of particles to be focused, the desired flow rate, and 
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the available power source determine the minimum channel length that must be provided. Figure 

21 and Figure 22 show the results of particle tracing for two particles with diameters of 6 µm and 

4 µm, where the minimum channel length needed for focusing at different flow rates and voltages 

are compared. 

 

Figure 21) Microparticle focusing trajectory at different sample flow rates, Voltage=2V 
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Figure 22) Microparticle focusing trajectory at different Voltages, and Q̇sample = 0.64µl/min 

 

As it is represented in Figure 21, the focusing length increases from 2.45mm to 5mm (𝐷𝑃 =

6µ𝑚) when the sample flow rate increases from 𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒 = 0.01µ𝑙/𝑚𝑖𝑛 to 𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒 =

0.02µ𝑙/𝑚𝑖𝑛 respectively. This specifies that the required focusing length and the flow rate are 

directly related. This is due to the fact that the drag and acoustic radian forces applied on the 

particles are perpendicular to the flow direction; subsequently, higher flow rates dictate longer 

channel lengths to realize the desired focusing thickness.  In Figure 22, the required focusing length 

for the particles with the diameters of 4µ𝑚 and 6µ𝑚 at two different applied voltages (1V and 2V) 

are compared. The results show that doubling the applied voltage reduces the minimum length 

four times for each particle. As it is indicated in Eq. 2.2 the radiation force is directly proportional 
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to the square of input power (applied voltage). Therefore, doubling the voltage would create four 

times stronger acoustic force resulting in four times higher acceleration for each particle which 

reduces the traveling time to half according to the basic equations of motions. It should also be 

mentioned that the drag force is the direct reaction of acoustic force as other forces are supposed 

to be small enough to be neglected (Eq. 2.4). Therefore, higher acoustic force would result in 

higher drag force on particles. 

In Figure 23, the time variation of the lateral component of drag and acoustic radiation 

forces exposed on two microparticles with the diameters of (𝐷 = 4µ𝑚, and 𝐷 = 6µ𝑚) across the 

microchannel widths (from one PN to the center PAN) are compared. For both particles, the ratio 

of the maximum acoustic force to the drag force remains constant when increasing the applied 

voltage from 1V to 2V. Therefore, it can be concluded that increasing the applied voltages will 

increase both drag and acoustic radiation forces in the same manner. However, it should be 

mentioned that in cases where acoustic streaming happens inside the channel, the acoustic 

radiation force is not equal to the drag force. 
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Figure 23) The time variation of lateral component of drag and acoustic radiation forces exposed on two 

microparticles with different sizes 

 

As was previously discussed, the acoustic pressure inside the channel has a 2D distribution 

resulting in the variation of acoustic radiation force at different heights and widths of the channel. 

For example, Figure 24 represents the pressure distribution across the channel’s widths at different 

heights. Higher pressure amplitude at the middle height reduces to lower pressure amplitude near 

the top of the channel.  Therefore, to better assess the focusing performance of the device in the 

next simulation, particles are released at different locations with respect to the pressure anti-nodes 

(PANs). 
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Figure 24) Acoustic pressure distribution across the channel’s width in different heights for the case study defined in 

Table 4 and Voltage =2V. 

 In the next simulation, 4µ𝑚 diameter particles are released from different heights 

(between 𝑦 = 0 and 𝑦 = 0.4𝐻𝐶ℎ𝑎𝑛𝑛𝑒𝑙). The sample flow rate and the voltages are 0.02µ𝑙/min and 

2V, respectively. As shown in Figure 25, for each particle, the focusing thickness is increasing as 

depending on the initial locations of particles, the acoustic radiation force derives them in different 

paths towards the channel centerline where the pressure node is located. In addition to the variation 

of the acoustic radiation force, the velocity of particles is also different at various heights. 

Therefore, not every particle with the same size would have the same final distance from the 

pressure nodes, and some particles will not even reach the outlets and stick to the walls instead, as 

the acoustic force applied to them are towards the channel walls than the channel center. In the 

end, depending on the application, to boost the focusing efficiency, proper channel length must be 

acquired to have the minimum focusing thickness possible.  
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Figure 25) Focusing thickness for 4µ𝑚 diameter microparticles released from different heights. 

Earlier, we observed that in conventional 𝑊𝑐 = 𝜆𝑆𝐴𝑊/2 channel-IDT designs for flow 

focusing the pressure anti-nodes are not located on the side walls necessarily; thus, a sheath flow 

must be acquired to confine the particles in the area where the acoustic force is towards the center. 
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Figure 26) 2µm diameter microparticle focusing using different sheath flow rates (voltage = 2V and 

𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒=0.016µl/min). 

 

To study the effect of sheath flow rate on the focusing performance. The particle trajectory 

of 2µm diameter microparticles under different sheath flow rates (𝑄̇𝑆ℎ𝑒𝑎𝑡ℎ = 𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒, 𝑄̇𝑆ℎ𝑒𝑎𝑡ℎ =

4/3𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒, and 𝑄̇𝑆ℎ𝑒𝑎𝑡ℎ = 2𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒) is simulated. The results shown in Figure 26 indicate that 

increasing the sheath flow rate to 4/3𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒 and 2𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒 decreases the initial distance of the 

particle from the pressure node (channels center) to approximately about 75% and 50%, 

respectively. Up to about 16mm from the starting point along the channel length the 

𝑄̇𝑆ℎ𝑒𝑎𝑡ℎ=2𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒 condition seems to have better focusing thickness. After that point, the 

𝑄̇𝑆ℎ𝑒𝑎𝑡ℎ=4/3𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒 case starts to result in better focusing thickness. Finally, at the end of the 

channel 𝑄̇𝑆ℎ𝑒𝑎𝑡ℎ = 2𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒 case leads to the poorest focusing thickness compared to other ratios. 
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We observed that from half of the channel toward the end 𝑄̇𝑆ℎ𝑒𝑎𝑡ℎ = 4/3𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒 case leads to the 

best focusing thickness. Therefore, we can conclude that for a given channel length, depending on 

the acoustic pressure distribution, applied voltage, and sample flow rate, there is an optimum 

sheath flow rate to have a more efficient focusing performance. To better understand the reason 

behind this phenomenon, the acoustic radiation forces on particles are represented in Figure 27. 

As can be seen for the condition when the sheath flow rate is equal to 𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒 the starting point of 

particles is far away from the location where particles receive the maximum acoustic radiation 

force. Besides particles in 𝑄̇𝑆ℎ𝑒𝑎𝑡ℎ = 2𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒 condition never experienced the maximum 

acoustic force. However, in the case of 𝑄̇𝑆ℎ𝑒𝑎𝑡ℎ = 4/3𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒 the majority of the particle 

migration toward the center is within the maximum acoustic radiation force area. Thus, the 

focusing performance is more efficient. 

 

Figure 27) Normalized acoustic radiation force experienced by 2µm diameter particles at different lateral locations 

based on different sheath flow rate ratios (voltage = 2V and 𝑄̇𝑠𝑎𝑚𝑝𝑙𝑒=0.016µl/min). 
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4.6 Numerical simulation of the separation stage  

In this part, numerical simulations are performed to study the performance of the separation 

module of the device. Three combinations of channel geometry and wavelength are indicated in 

Table 5 will be assessed to investigate the effect of the pressure distribution across the channel 

length on the separation efficiency. The separation stage of the device is modeled as a 

microchannel located at the middle of a pair of IDTs and the particles are released from the center 

of the channel inlet. Three sets of microparticles D= {2µ𝑚 , and 1µ𝑚}, D = {4µ𝑚 , and 6µ𝑚}, 

and also D = {10µ𝑚 , and 12µ𝑚}will be used for this part to assess the binary separation for each 

device configuration. The particle sets are considered to cover a wide range of sizes and diameter 

ratios. The separation performance will be assessed based on the lateral distance (width direction) 

that separates two particles(Δ𝑑𝑥) along the channel length.   

 

Table 5) Configuration parameters of the devices used for simulating the separation performance 

Design  Number of fingers (NF) IDT Distance 𝝀𝑺𝑨𝑾 𝑾𝑪 𝑯𝑪 𝑾𝑷 

I 10 5mm 400µ𝑚 200µ𝑚 100µ𝑚 200µ𝑚 

II 10 5mm 300µ𝑚 200µ𝑚 50µ𝑚 250µ𝑚 

III 10 5mm 400µ𝑚 200µ𝑚 50µ𝑚 100µ𝑚 

 

In this section, first, a numerical study is performed to clarify the effect of the size and the 

size ratio of particles on the separation performance. Three sets of microparticles: i: D = {2µ𝑚 , 

and 1µ𝑚} with the geometric mean size of 1.4 µ𝑚 and the size ratio of 𝑟𝐷 = 2, ii: D = {4µ𝑚 , and 

6µ𝑚} with the mean size of 4.9 µ𝑚 and the size ratio of 𝑟𝐷 = 1.5, and iii: D = {10µ𝑚, and 12µ𝑚} 

with the mean size of 11µ𝑚 and the size ratio of 𝑟𝐷 = 1.2  were separated considering the Design 
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I channel configuration. As it is shown in Figure 28, separating {10µ𝑚 and 12µ𝑚} with the mean 

size of 11µ𝑚 can be performed at the highest flow rate (0.32 µL/min) whereas much less flowrate 

(0.016 µL/min) must be acquired in case of separating {1 µ𝑚 and 2 µ𝑚} with the mean size of 1.4 

µ𝑚. This shows that for a limited channel length and power supply the higher the sizes of particles 

are the more the throughput can be achieved in separation. Moreover, the maximum separation 

distance in separating {1µ𝑚 , and 2µ𝑚}with the size ratio of  𝑟𝐷 = 2 is Δ𝑑𝑥= 86 µ𝑚 which is 10% 

and 78% more than the maximum separation distance of separating {4µ𝑚 , and 6µ𝑚} with 𝑟𝐷 = 

1.5  and {10µ𝑚 ,and 12µ𝑚} with 𝑟𝐷 = 1.2 respectively. This indicates that the higher the size ratio 

is the higher the maximum separation distance can be achieved in separating microparticles.  
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Figure 28) Separation performance of Design I (Voltage = 2V): a) Separating 2µm vs.1µm  diameter particles at 

Q̇sample = 0.016 µl/min b) Separating 6 µm vs. 4 µm diameter particles at Q̇sample =  0.16 µl/min , c) 

Separating 12 µm vs. 10 µm diameter particles at Q̇sample =  0.32 µl/min , d) Comparing the maximum 

separation distance between each two particles 

 

In real situations, the alignment before the separation stage is not perfect, meaning that the 

particles entering the separation stage have a slightly different location to the pressure node. Thus, 

they experience different acoustic forces from the beginning. To show the importance of perfect 

alignment on the efficiency of separation, another simulation is performed considering particles 

are aligned in a lane with the thickness of 5 µ𝑚 in the x direction (for the vertical direction, random 



55 

 

initial locations were considered). As demonstrated in Figure 29 a-c, separation efficiency for 

smaller size ratios is highly dependent on the alignment efficiency. For {10 µ𝑚 vs. 12 µ𝑚} 

separation, the two separated streamlines highly overlap each other resulting in compromising the 

purity of separation, whereas for higher particle size ratios ({2µ𝑚 vs. 1µ𝑚}), even almost perfect 

separation can be achieved at a proper channel length.  

 

Figure 29) Separation performance of Design I assuming unperfect focusing alignment: a) Separating 2 µm vs1 µm 

at Q̇sample = 0.016 µl/min b) Separating 6 µm vs4 µm at Q̇sample =  0.16 µl/min , c) Separating 12 µm vs10 

µm at Q̇sample =  0.32 µl/min. 
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Next, the separation quality in each design defined in Table 5 is compared. As shown in 

Figure 30, Design I result in a higher maximum separation distance, 37% more than Design III and 

78% more than Design II. However, the maximum separation distance between particles happens 

sooner for Design II. 

 

Figure 30) Comparison of the separation distance between particles (4µm vs. 6µm diameter ) for each 

design, where Q̇sample =  0.16 
µL

min
, and Voltage = 2V. 

There are a couple of reasons for the observed discrepancies in separation performances 

that can be better understood by looking at each device's acoustic pressure (Figure 31) and acoustic 

radiation force (Figure 32) distributions.  



57 

 

 

Figure 31) Acoustic pressure distribution across the channel’s width at the middle of the channel's height (y=0) for 

each design defined in Table 5 where Voltage =2V. 

 

Figure 32) lateral component of acoustic radiation force across the channel’s width for the three device designs 
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First, since the wavelength of the second design is short, two pressure nodes are located 

inside the channel near the walls resulting in a shorter potential distance for particles to migrate in 

the lateral direction for the same channel. Although, it should be mentioned that shorter 

wavelengths provide stronger acoustic pressure inside the channel, so less voltage will be required 

to achieve the maximum separation efficiency at a certain length and flow rate. Moreover, as 

shown in Figure 30, for Design I and Design III, the separation distance of the particles increases at 

a low rate near the channel’s inlet and reaches its maximum value at the end, where the bigger 

particle approaches the channel's side wall. By looking at the acoustic radiation force applied on 

particles in each design (shown in Figure 32) it appears that for Design III the maximum acoustic 

force applied on each particle happens closer to the channel wall since the acoustic pressure has a 

more even distribution across the channel’s width (y=0) as shown in Figure 31, causing very slow 

migration for particles. Moreover, Design I, which has the best separation efficiency, has a 

balanced acoustic pressure (and, subsequently, acoustic radiation force) distribution. In contrast, 

for Design II, the maximum force is experienced near the center of the channel with a sharper 

acoustic pressure distribution.  

 

After conducting the previous simulations and investigating the effect of various 

parameters on the acoustophoretic device performance, the main findings can be listed as: 

1- The thickness of PDMS walls can significantly influence the topology of pressure 

distribution inside the channel 

2- The side sheath flow is required to confine the particles within the desired region where 

the direction of the acoustic radiation force is toward the channel’s center.  
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3- For low aspect ratio channels, the PDMS wall thickness can be tuned to have wider or 

narrower pressure distribution across the channel width without compromising the 

frequency and power of the incoming waves (same wavelength but wider pressure 

distribution can be achieved in some cases) 

4- The efficiency of the particle alignment stage has a strong influence on the efficiency of 

the separation stage of the device. 

5- Device designs with wider pressure distribution across the channel have a more significant 

maximum separation distance (better efficiency) for a given flow rate and voltage at the 

cost of requiring a longer channel. 

6- Separating large particles with similar sizes (such as 12 µ𝑚 and 10 µ𝑚 diameter particles) 

is possible when using proper channel configurations. 

7- The maximum separation distance that can be achieved in each device is only a function 

of the ratio of the particle’s diameter. At the same time, the particle flow rates and the 

applied voltage determine the required channel length. 

4.7 Experimental results of the microparticle manipulation  

In this section, a couple of experimental studies are performed to validate our numerical 

findings. First, we assess the particle focusing stage of the device in various operating conditions. 

Following that, the performance of the whole device in separating different microparticles will be 

demonstrated.  

4.7.1 Experimental results of the particle focusing manipulation 

As discussed earlier, the numerical simulation showed that the interaction of the PDMS 

wall would cause noticeable dislocation in PN and PAN positions inside the channel. Here, based 

on the design configurations investigated in the numerical section, a two-stage acoustofluidics 
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device was fabricated. The width and height of the microchannel and the SAW wavelength are 

𝑊𝐶=200 µ𝑚 , 𝐻𝐶=100µ𝑚, and 𝜆𝑆𝐴𝑊=400µ𝑚,  respectively. PS particle with the size of 5 µ𝑚 was 

injected into the channel at the rate of 2 µ𝐿/𝑚𝑖𝑛, and the voltage was set to be 10 V. As it is shown 

in Figure 33, particles are aligned in three lanes, including the center pressure node line as well as 

two lanes at the walls of the channel which indicates that there are two pressure anti-nodes (PAN) 

located inside the channel somewhere in between the center and PDMS walls which is in complete 

agreement with the numerical result where we also observed two pressure anti-nodes inside the 

microchannel (see Figure 17).  

 

Figure 33) Microscopic view of focused 5µ𝒎 diameter microparticles Q̇Sheath = 0,  Q̇sample = 2µL/min 
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To be able to find the exact location of the pressure anti-nodes, the sheath flow rate was 

gradually increased from 0 with the increment of Q̇sample/8 until at Q̇Sheath ≈ 6/8Q̇sample (75% 

of the sample flow rate) the two particle focusing lines near the walls started to disappear and only 

one focusing line at the center remained. Based on that, as shown in Figure 34 the location of 

PANs are estimated to be ~43µm away from the side walls. This is in good agreement with our 

numerical simulation represented in Figure 17 where the PANs are located inside the channel ~50 

µm away from the side walls.  

 

Figure 34) Location of the pressure anti-nodes inside the microchannel at the focusing stage 
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4.7.2 Experimental results of the particle separation stage   

After evaluating the focusing module of the device, in this part, the separation of 

microparticles is experimentally evaluated.  Two critical parameters for any particle separation 

devices are throughput and purity rate. For the following experiments, these two parameters will 

be observed to assess the functionality of the designed SSAW devise.  

Here to measure the purity rates, after collecting the microparticles from each outlet, the 

particles are dispersed on the surface of a hydrophobic glass. The glass is then placed on a hot 

plate to evaporate the remaining water. Eventually, the distribution of particles will be captured 

under the microscope in 10 random locations on the glass substrate (Figure 35). Particle counting 

was performed for each captured image using the image processing technique (ImageJ Software). 

By defining the purity rate as the number of counted target particles per total number of particles 

collected from each outlet, the average purity rate of each outlet was calculated.  

 

Figure 35) An image of collected particles from outlets in different tests a) 10µ𝒎 and 8µ𝒎 diameter particles 

collected from outlet 1 b) 3µ𝒎 and 1µ𝒎 diameter particles collected from outlet 2 
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In order to evaluate the performance of the device in separating microparticles, two binary 

separations (3 µm from 1 µm) and (10 µm from 8 µm) at different flow rates and applied voltages 

were performed, and the results are shown in Table 6. 

 

Table 6) The results of binary separation of (3 µm from 1 µm diameter) and (10 µm from 8 µm diameter) 

microparticles under different voltage and flowrates 

Diameters of the 

particles 

Sample flow rate 

(𝐐̇𝐬𝐚𝐦𝐩𝐥𝐞) (µL/min) 
Voltage (V) 

Purity rate outlet 1 

(bigger particle) 

Purity rate outlet 2 

(smaller particle) 

3 µm vs 1 µm 2 10 94% 92% 

3 µm vs 1 µm 8 25 92% 85% 

3 µm vs 1 µm 12 25 98% 53% 

10 µm vs 8 µm 10 10 91% 80% 

10 µm vs 8 µm 15 25 83% 70% 

10 µm vs 8 µm 19 25 93% 61% 

 

As expected, the separation of 1 µm from 3 µm was performed with a high purity rate 

(>92% for the 3µm diameter particle and >85% for the 1 µm) for the first two experiments. 

However, the result of the second experiment shows that increasing the flow rate to 12 µL/min has 

drastically decreased the purity rate of the 1 µm diameter particle while the 3 µm diameter particle 

purity rate is 98%. This indicates that in applications where the purification of the larger particle 

is of most importance, higher throughput can be achieved at the cost of reducing the recovery rate 

(number of particles entered per number of particles extracted from the desired outlet). 

Furthermore, the main reason that even with lower flow rates, the purity rate of separating 3 µm 

diameter particles is not 100% is that particles also receive the acoustic force in the vertical 
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direction, causing them to adhere to the PDMS walls on top of the channel and experiencing 

different path toward the end of the channel. Moreover, due to the possible insufficient acoustic 

radiation force at the focusing stage, some smaller particles might not reach the desired focusing 

thickness, hence exiting the wrong outlet. 

For the case of separating 10µm from 8µm particles, the purity rates of 10µm particles at 

different experiments are 91%, 83%, and 87% (outlet1), whereas the purity rates for the 8µm 

particles are lower than those for 10µm (93%, 70%, and 61% for the first, second and third 

experiment respectively).  

Moreover, For the case of separating 10µm from 8µm diameter particles, higher throughput 

was achieved since the sizes of the particles are larger compared to the first set of particles (3µm 

vs. 1µm). Although, the purity rate of separation was lower than the first set of particles as 

expected. It should also be mentioned that the flow characteristic can be set to have more purity 

rate for one of the particles (larger one) at the cost of losing the recovery rate and also reducing 

the purity rate of the other particle. Figure 36 shows examples of microparticle separation with 

different sizes. Overall, the experimental results indicate that using two-stage acoustofluidic device 

with a proper design for the channel dimension and the acquired wavelength is strongly capable 

of separating particles with similar sizes at high throughput and acceptable purity rate. 
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Figure 36) Microscopic images of separating different particles: a) 1 µm vs. 3 µm diameters where Q̇sample = 8 

µL/min, and Voltage = 25 V b) 10 µm vs. 8 µm diameters, where Q̇sample = 3 µL/min, and Voltage = 10 V 
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Chapter 5: Final remarks 

5.1 Conclusion 

One of the objectives of this study was to show that the acoustofluidic chip provides a highly 

precise and rapid-acting platform for microparticle manipulation and separation. To accomplish 

this objective, numerous procedures were performed, including parameter optimization, 

development of 2D and 3D numerical simulations, and experimentation. Initially, the suggested 

two-stage paSSAW acoustofluidics chip was analyzed parametrically using FEM. This step was 

required to comprehend the processes occurring on the chip. The optimal parameter values were 

determined using numerical simulation. The numerical study of IDT configurations revealed that 

the number of fingers plays a pivotal role in the efficiency of the power transmission through the 

IDTs. Moreover, through experimental measurement an efficient IDT design was chosen for the 

acoustofluidics platform.   

Next, investigating the effect of PDMS wall thickness on the acoustic pressure distribution inside 

the channel and the subsequent particle tracking studies for the focusing/separation modules 

demonstrated that: 

• The thickness of PDMS walls can significantly influence the topology of pressure 

distribution inside the channel 

• For low aspect ratio channels, the PDMS wall thickness can be tuned to have 

broader or narrower pressure distribution across the channel width without 

compromising the frequency and power of the incoming waves (same wavelength 

but wider pressure distribution can be achieved in some cases). 

• An optimized side sheath flow rate can be chosen to effectively assist the acoustic 

radiation force in focusing particles. 
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• The efficiency of the particle alignment stage has a strong influence on the 

efficiency of the separation stage of the device. 

• Acoustic designs with broader pressure distribution across the channel have larger 

maximum separation distance (better efficiency) for a given flow rate and voltage 

at the cost of requiring a longer channel. 

• Separating large particles with similar sizes is possible using proper IDT/channel 

configurations. 

• The maximum separation distance that can be achieved in each design is 

significantly dependent on the ratio of the particle’s diameter, while the particle 

flow rate, and the applied voltage determine the required channel length to meet the 

maximum separation distance. 

Finally, the numerically optimized design was experimentally evaluated. After validating the 

numerical results, it was shown that the fabricated chip could separate 10µm from 8µm diameter 

particles with a high throughput of 10 µL/min and an acceptable purity rate of >80%. 

5.2 Future work 

The capability of the suggested acoustofluidic chip to manipulate and separate synthetic 

(PS) microparticles has been demonstrated. Some of the bioparticle's physical properties (such as 

compressibility) differ slightly from those of PS particles, necessitating the repetition of a study 

using bioparticles in future research. 

The capability of the proposed design in separating more than two particles at the same 

time should be investigated. 

Integrating the features of acoustofluidics with other active/passive separation methods 

should be thoroughly investigated.  
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One subject that needs to be studied more is the application of machine learning in 

optimizing different features of particle manipulation.  

Finally,  the potential of commercialization of such techniques by reducing the power 

consumption, simplifying and automation is an interesting area to consider for future researches.
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