
 

i

v 

 

Exploiting the Interplay of Acoustic Waves and Fluid Motion for 

Particle Manipulation 

by 

Yuyang Gu 

Department of Mechanical Engineering and Materials Science 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Tony Jun Huang, Advisor 

 

___________________________ 

Steven A. Cummer 

 

___________________________ 

Pei Zhong 

 

___________________________ 

Gowthami M. Arepally 

 

 

 

 

Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 

of Philosophy, in the Department of 

Mechanical Engineering and Materials Science in the Graduate School 

of Duke University 

 

[2021] 



 

i

v 

 

ABSTRACT 

Exploiting the Interplay of Acoustic Waves and Fluid Motion for 

Particle Manipulation 

by 

Yuyang Gu 

Department of Mechanical Engineering and Materials Science 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Tony Jun Huang, Advisor 

 

___________________________ 

Steven A. Cummer 

 

___________________________ 

Pei Zhong 

 

___________________________ 

Gowthami M. Arepally 

 

 

 

An abstract of a dissertation submitted in partial 

fulfillment of the requirements for the degree 

of Doctor of Philosophy in the Department of 

Mechanical Engineering and Materials Science in the Graduate School of 

Duke University 

 

[2021] 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Yuyang Gu 

[2021] 

 



 

 

iv 

Abstract 

Acoustofluidics is an emerging research field that combines both acoustics and 

fluid dynamics. With acoustic tweezers technique being developed for years, it is featured 

for its contactless, noninvasive, and biocompatibility which makes the method suitable 

for various applications in the field of biology, material sciences, and chemistry. Especially 

when handling small objects, e.g., cells, nanoparticles, C. elegans, and zebrafish larvae, 

the native environment involved is mainly liquid. During the acoustic propagation inside 

the liquid, fluid motion will also be initiated and will influence the object movement in 

addition to the acoustic radiation forces. This brings up the multidisciplinary study 

combining the acoustic wave and fluid motion for object manipulation within liquids. 

This technical development has revealed huge potential for applying acoustofluidic 

studies into different applications. However, there are still several technical bottlenecks 

that must be overcome for acoustofluidic technology to provide maximum impact. For 

example, cell patterning using standing acoustic waves commonly has the regular grid-

like shape and sees the fluid motion as an unwanted side effect without an effective way 

to minimize it.  The current target particle size that can be controlled using acoustics is 

between ~mm to µm, thus hindering the exploration of nanoscale objects. In this 

dissertation, I explored the combined effect of acoustics and fluid dynamics, and validated 

that the interplay of both effects can derive new research insights and can be applied to 
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particles with a smaller size range (i.e., nanometer). Specifically, I studied the synergetic 

effect of acoustics and flow in three classic fluid systems: bulk fluids, droplets, and 

continuous flow.  

For bulk fluids, we designed an acoustofluidic holography platform that can 

initiate and utilize fluid motion with arbitrary designed acoustic fields. With the design 

and implementation of the holographic acoustic lens, our method can pattern cells into an 

arbitrary shape that can potentially benefit tissue engineering or cell mechanics studies. 

Besides patterning, we also demonstrated that, with the same experimental configuration, 

we can utilize vortex acoustic streaming to achieve different functions, e.g., particle 

rotation, concentration, and separation.  

For droplets, we observed a new physics phenomenon which can drive the spin of 

a liquid droplet using surface acoustic wave. With this external angular momentum and 

Stokes drift effect, we found the nanoparticles can be rapidly concentrated or differentially 

concentrated in one spinning droplet. Furthermore, we demonstrated that the single 

spinning droplet can serve as one unit that possesses a specific function and we can 

assemble the units for a more flexible manipulation function. We built a dual droplet 

acoustofluidic centrifuge system that can achieve nanoparticle separation and transport 

and utilized the platform for exosome subgroup separation.  

For continuous flow, as acoustic separation technique has been developed for 

years, we have explored two directions that may be utilized for small animal blood 
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apheresis study. One direction is the high-throughput platelet separation using a plastic 

device. This method significantly increased the throughput and moved one step towards 

clinical usage. Another direction is building the integrated system for plasma separation. 

Built around the surface acoustic wave separator, we assembled the fluid driving unit, 

temperature control unit, and separation unit into a prototype-like system. We then 

performed the proof-of-concept experiment to identify the feasibility of applying the 

acoustofluidic separation method to small animal models (i.e., mice). 
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Chapter 1: Introduction  

1.1 A brief history of acoustofluidics 

Acoustic waves can propagate through a certain medium (e.g., gas, liquid, and 

solid) by means of continuous compression and decompression(Wikipedia contributors, 

2020). Acoustofluidics, as a rapidly growing research field, generally can be referred to as 

the phenomenon with the interaction between acoustic waves and fluid (e.g., gas, liquid). 

Broadly, the acoustofluidic technique involves various topics spanning from audio 

research to ultrasonic therapy. As life science research gradually emerging, acoustofluidic 

method development becomes more focused on the interaction between acoustics and 

liquid where most of the bio-related particles/fluids exist (Figure 1.1). With the success of 

optical tweezers that exploded the development of tweezer-like technology for bioparticle 

handling, acoustic tweezers featuring for its compact setup, larger force, extensive 

working environment, started to bring a lot of research interests(Ozcelik et al., 2018).  

The early development of acoustic tweezers initiated the method of trapping the 

particles using standing wave, this classic mechanism can provide stable trapping force 

and be applied to the particles with different properties(M Baudoin & Thomas, 2020; King, 

1934). Then, with the fabrication technique development, researchers started to scale 

down the device configuration in order to study the small objects that possess deeper 

implications in the field of biology, materials, and chemistry. This progress brings up the 

on-chip manipulation that can be applied to numerous practical applications for life 
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science(Ding et al., 2012). The most common usage of this technique is to provide a sample 

in sample out a workflow that can narrow down the focus to the target of interest, for 

example, cell separation, pattern, sorting. With the development of this pathway, 

researchers have invented different setups that can provide ideal resolution and 

flexibility.  

On the other hand, the classic standing wave method usually precludes any 

selectivity in terms of the trapping, which may confine the usage when a specific target is 

embedded in a relatively large and complex environment(M Baudoin & Thomas, 2020). 

The intuitive method for this purpose is to mimic the optical tweezer and utilize the 

focused beam. However, it was found that the majority of the particles of interest have 

denser and stiffer property compare to the surrounding fluid, which makes the particles 

pushing away from the focused area and can only be trapped at the pressure 

nodes(Gor’kov, 1962). Thus, researchers developed an acoustic vortex beam, which makes 

the wave propagating along a helical path and spinning around a phase 

singularity(Baresch et al., 2016; M Baudoin & Thomas, 2020). The acoustic vortex beam 

has a minimum pressure intensity in the middle which can be utilized to trap single 

particles. With this method development, it can be applied to single object manipulation 

in a different range of area, from large mid-air space to a miniature microfluidic channel, 

to even inside the body of animals(Drinkwater, 2016; Ghanem et al., 2020; Marzo et al., 

2015b). Meanwhile, researchers have also devoted to the design of the active transducer 
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array which can provide higher flexibility during the manipulation and achieve real-time 

2D/3D manipulation(Ghanem et al., 2020; Marzo et al., 2015b; Marzo & Drinkwater, 2018; 

Y. Yang et al., 2021). This specific direction makes acoustic manipulation a tool that can 

provide certain functions to the target without the need of a specific sample out.  

Furthermore, with the development of microfluidic techniques and the increasing 

interest in Point-of-Care and health monitoring, researchers also started to investigate the 

workflow of generating digital readout (image, electric signal, quantitative numbers) 

using the acoustofluidic method. This can provide both the qualitative and quantitative 

analysis that towards the statistical study and trend evaluation for cells, organism, small 

animal or human being(Ahmed et al., 2016; C. Chen et al., 2021; J. H. Kang et al., 2019). 

While more and more techniques are getting crossed-over (imaging methods, computer 

sciences, material science, chemistry, biology), the initial concept of this workflow can be 

traced back to acoustic imaging and acoustic sensing technique. As object manipulation 

is barely involved, these methods can directly provide the message through acoustic 

waves, and with the progress of the beamforming, nanofabrication, machine learning, and 

computer vision, the higher spatial resolution, higher sensitivity, and more complex 

information can be derived. And the acoustic manipulation can also be combined with 

these workflows with specific advantages, e.g., contactless alignment, multi-view 

imaging, sample pre-handling. 
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Figure 1.1: The schematic showing the target outputs that can be obtained using the 

acoustofluidic technology.  

 

1.2 Basic theory of acoustofluidics 

The classic acoustic equation can be derived by the combination of the simple force 

equation (Euler’s equation, Newton’s secondary law), the equation of continuity (mass 

conservation), and the equation of state(Kinsler et al., 1999). The commonly used linear 

acoustic equations are based on certain assumptions in order to simplify the theory. For 

example, the force equation ignored the viscosity, the equation of continuity assumes the 

fluid is incompressible, and the equation of state can be obtained by assuming the 

adiabatic process. 
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And these three governing equations indicate the relationship between the fluid 

particle velocity, pressure, and density. With the combination of these three equations, we 

can obtain the linear wave equation. 

ᶯὴ  
ρ

ὧ

‬ὴ

‬ὸ
ρȢτ 

With the variable separation, we can derive the Helmholtz equation and the 

harmonic solution of the acoustic wave, and further expand to different acoustic field 

calculation methods (e.g., angular spectrum).  

Meanwhile, when acoustic waves propagating in the liquid, acoustic streaming 

will be generated due to the acoustic wave attenuation and resulting momentum flux 

transferred from the wave to the fluid. For many of the current studies, in order to 

simulate the acoustic streaming motion with a numerical method, the process usually is 

simplified by different assumptions. The governing equation can be indicated as: 
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Noting that the first equation can correspond to the continuity equation used in 

the acoustic equation with nonlinear terms involved. And the second equation (Navier-

Stokes Equation is another format of the force equation/ Newton’s secondary law). With 

the development of the theory and numerical simulation method, three mainly three 

methods to simulate the acoustic streaming that can cover the range from microfluidic to 
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bulk fluid. For the classic microfluidic device, as the fluid layer is relatively thin, the 

thermal effect and viscous effect usually cannot be neglected. Thus, a perturbation theory 

is usually used to solve the equations. With the perturbation approximation, the equation 

can be divided into the first-order equation for the acoustic field, and time-averaged 

second-order equations for steady acoustic streaming. And during the practical solving 

process, the first-order equation should be solved first and then the second-order equation 

to cover both the acoustic and fluid effect. However, when dealing with a relatively larger 

fluid domain, the simulation (e.g., finite element method) will need a very large 

computation cost while the result may not fit well with the exact experimental result due 

to some unknown effect. To solve this, researchers also developed other simplification 

methods in order to effectively solve the equation. One method is the boundary driven 

streaming method(C. Chen et al., 2018; Wiklund et al., 2012a). While the thermal and 

viscous effect mainly have a major effect in the boundary layer (with a thickness relate to 

the kinematic viscosity and angular frequency ‏ ς’Ⱦand the upper fluid motion ,(‫ 

can be driven by the boundary layer streaming, the calculation can be simplified by 

calculating the boundary layer streaming using perturbation theory first in a relatively 

small domain, and then calculate the streaming in the upper larger domain. This method 

can significantly reduce the computation cost and be suitable especially when dealing 

with the large fluid domain with high frequency acoustic excitation. On the other hand, 

researchers also studied another method that directly applies the acoustic induced volume 
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force to the Navier-Stokes equation as an external force, so that the need for knowing the 

exact acoustic pressure distribution can be simplified(Alghane et al., 2010; Lighthill, 1978). 

With this method, the importance of the Reynolds stress for mean momentum flux is 

revealed. And the volume force generated by the acoustic waves can be calculated 

through the Reynold stress: 

Ὂ  ὠϽɳὠ ὠ Ͻɳὠ ρȢχ 

With this method, the nonlinear acoustic induced volume force can be directly calculated 

when the wave velocity is known, and can be served as another method to simplify the 

calculation of acoustic streaming when dealing with large fluid domain (e.g., droplet, bulk 

fluid). This method specifically can be useful to investigate the individual effect of 

acoustic and fluid (although these two effects should be generated and considered 

together when practical use), or the smaller particle movement mainly dominant by 

acoustic streaming (e.g., nanoparticles in fluid). With the aforementioned theory, the 

acoustic field and streaming field can be calculated, used for deriving the acoustic 

radiation force and drag force that acted on the particles and further predict the trajectory 

of the particles inside the acoustofluidic domain. 

1.3 Acoustic holography 

The holography concept was first brought up in the field of optics by Dennis Gabor 

who won the Nobel Prize for related work in 1971, and gradually became famous for its 

powerful capability for imaging(Gabor, 1961; Sapozhnikov et al., 2015). The basic 
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principle of holography is the 3D wave field can be reconstructed from a 2D distribution 

of the phase and amplitude of the wave field. Besides the visualization function, with the 

development of optical tweezers, holography technique was also introduced as the 

holographic optical tweezers which can be used for dynamic control of the small 

particles(Spalding et al., 2011). As a classic wave format, the acoustic waves can also fit 

with the underlying mechanism and calculation of holography. While the acoustic wave 

information (i.e., phase, amplitude) can be directly measured by the detector e.g., 

microphone and hydrophone without the need of holography technique, acoustic 

holography experienced a unique path during the development(Sapozhnikov et al., 2015; 

J. Zhang et al., 2020). Traditionally, acoustic holography was used for the characterization 

and visualization of the acoustic field and the evaluate the complex structure that acoustic 

wave propagates through, e.g., nondestructive evaluation, acoustic imaging(R. K. Mueller, 

1971). This traditional workflow was utilizing the obtained acoustic field to reversely 

derive the wave distribution in a relatively complex environment. With the manipulation 

technique development, researchers started to actively generate the desired acoustic field 

in the space using acoustic holography, as the flexibility of the wave modulation can also 

increase the flexibility of the manipulation. There are mainly two methods for generating 

acoustic holography: One is using the active transducer array, another is utilizing the 

passive material that can modulate the phase/amplitude when acoustic waves propagate 

through (Figure 1.2).  



 

9 

For the active method, Marzo et al firstly demonstrate an acoustic transducer array 

with the excitation frequency of 40 kHz for 3D particle manipulation in the air(Marzo et 

al., 2015b). By modulating the phase delay of each element, a single particle can be 

levitated and controlled translational and rotational in the mid-air. Building upon this 

concept, Marzo et al further demonstrated the holographic acoustic tweezers which 

formally bring up the acoustic version of the holographic tweezers(Marzo & Drinkwater, 

2018). They built a phased array with 256 emitters with 40 kHz, and successfully 

demonstrated the real-time manipulation of multiple particles with the maximum size of 

25 mm in the air. This system greatly shows the capability of manipulation of the acoustic 

waves and indicates the potential of using holographic acoustic tweezers for non-contact 

object control. Meanwhile, recent research also developed the phased array for 3D particle 

manipulation in the liquid. Yang et al demonstrated a self-navigated 3D acoustic tweezer 

that can achieve the real-time alignment of the particle(Y. Yang et al., 2021). Furthermore, 

with the combination of the time-reversal correction, the desired acoustic field can be 

formed through the complex material (e.g., skull) and effectively control the particle. 

Ghanem et al also demonstrated that by using the underwater phased array, a single 

particle can be arbitrarily manipulated in the bladder of a big(Ghanem et al., 2020). This 

study moves one step forward applying the acoustofluidic manipulation technique to 

practical in vivo application. 
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Figure 1.2: Schematic showing t wo classic acoustic holography configurations.  

 

For the passive structure to generate the acoustic holography, different methods 

were designed that can modulate the phase of the incidence acoustic wave. Generally, by 

designing the passive structure that has specific modulation for each unit, the desired 

acoustic field can be generated. Xie et al designed a metamaterial with each unit set as a  

subwavelength pixel, the arbitrary pressure field can be rendered by using a single 

transducer(Xie et al., 2016). This method opens up a new direction that can modulate the 

acoustic wave in a high resolution and cost-efficient way. Memoli et al also developed a 

new method that separated the kinoform into multiple units, and can generate the desired 

acoustic field in a reconfigurable manner by assembling the units(Memoli et al., 2017). 

They applied an image compression method to reduce the need for the numbers of 

different phases. Thus, the field can be generated with multiple units that corresponding 

to several digits. This method compressed the required information that needed to 

generate the holography and further reduced the fabrication requirement and cost. While 
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the aforementioned methods have different advantages, the carried information (i.e., pixel 

numbers of the holography)  is still limited to generate more complex acoustic field. Melde 

et al developed an underwater acoustic holography method that utilizes the 3D printed 

kinoform to control the acoustic wave while the phase information is embedded directly 

in the thickness of the structure(Melde et al., 2016a). With this method, the kinoform 

contains over 100,000 pixels that can generate a much more complex acoustic field. They 

also demonstrated that this method can be applied to pattern the PDMS particles to 

arbitrary shapes or trap them to move to follow a certain path. This study made a 

breakthrough for underwater acoustic holography. Furthermore, Melde et al also 

demonstrated that acoustic holography can be used as a fabrication method, with which 

the pattern can be gelated to a certain shape(Melde et al., 2018). The 3D printed thickness-

based phase hologram is a very effective and cost-efficient way to generate an arbitrary 

acoustic field in the liquid. Based on this technique, Jiménez-Gambín et al show the 

formation of acoustic fields of complex spatial distribution inside the skull(Jim, 2019). This 

potentially opens up the new direction of applying holography for biomedical 

applications in a low-cost way. 

1.4 Acoustic droplet system 

Droplets are a classic fluidic system, where not only the motion of the droplet itself 

but also particle manipulation inside the droplet has drawn great research interest for 

different fields spanning from physics to biology. The dynamics of the liquid droplet were 
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firstly studied by Rayleigh who also derived the approximation of the oscillation 

frequency of the droplet with external excitation(Rayleigh, 1879). As the acoustic 

levitation technique developed, Shen et al studied the droplet vibration motion using 

acoustics in the air(Shen et al., 2010). They identified the nonaxisymmetric sectorial 

oscillation of the liquid droplet with an amplitude-modulated acoustic wave. Foresti et al 

also demonstrated that the droplet can be deformed during the rotation using airborne 

acoustics(Foresti & Poulikakos, 2014). Surface acoustic wave also serves as an effective 

way to drive the fluid motion as the wave can propagate through the substrate and leak 

into the fluid. While the droplet is commonly sitting on top of the substrate, various 

interesting phenomena were observed with the interaction between surface acoustic wave 

and droplet (Figure 1.3). Tan et al observed that by using the high frequency surface 

acoustic wave to drive the droplet, a capillary wave can be formed on the free surface of 

the droplet(Tan et al., 2010). Meanwhile, they provided a detailed theoretical study and 

numerical simulation to explore the droplet acoustic field and characterization of the 

capillary wave. Brunet et al presented that with the surface acoustic wave excitation, the 

droplet can generate a creeping-jumping oscillation motion, and with higher input power, 

the droplet may move along the direction of the surface acoustic wave 

propagation(Brunet et al., 2010). They also indicated that the surface deformation of the 

droplet is related to the combined effect between the acoustic streaming and radiation 

pressure generated by the acoustic waves. Manor et al demonstrated an extensive study 
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and revealed that the droplet vibration motion and streaming motion under the high-

frequency excitation can be tightly connected with the contact angle when sitting on the 

different substrate material(Manor et al., 2011). Meanwhile, Baudoin et al showed that the 

modulated acoustic signal can generate higher droplet oscillation amplitude and promote 

droplet mobility(Michael Baudoin et al., 2012). Rezk et al also demonstrated an interesting 

acoustowetting phenomenon showing that the droplet can form a thin liquid film along 

the opposite direction of surface acoustic wave propagation(Rezk et al., n.d.).  

 

 

Figure 1.3: Schematic of the SAW droplet interaction system.  

 

With the surface acoustic wave exciting, particles inside the droplet also 

experience various forces that can guide them to a certain position in the drop. Li et al 

demonstrated that with the asymmetric SAW propagation, azimuthal acoustic streaming 

can be generated, which can rapidly concentrate the microparticles due to the shear-

induced migration(H. Li et al., 2007). Shilton et al further demonstrated that with a 

focused surface acoustic wave, the particle concentration efficiency and speed can be 
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improved due to the increased wave intensity(Shilton et al., 2008). Bourquin et al also 

introduced a novel method to drive the fluid motion and particle manipulation on a 

disposable chip(Bourquin et al., 2010). In their study, the slanted interdigital transducer 

is used which can generate different frequencies from various spatial locations on the 

transducer. Thus this method can provide a more flexible way to manipulate the fluid and 

particles with the tuning of the acoustic parameters. He continued to prove that with this 

setup, particles can be separated with the same size but different densities in a blood 

droplet(Bourquin et al., 2014).  Since particles with different sizes or other mechanical 

properties will experience different acoustic radiation forces and drag forces, they can be 

separated with different acoustic parameters. Destgeer et al demonstrated that the 

microparticles can be concentrated to different spatial locations in the droplet under the 

excitation of surface acoustic wave, and for different contact angle, the position of the 

particles although may be different, can still be distinguishable and leads to the 

separation(Destgeer et al., 2017). Following this work, Destgeer et al continued 

exploration of the particle trajectory inside the droplet(Destgeer et al., 2016). They 

indicated that the particle balanced position in the droplet is connected with two ratios, 

one is the surface acoustic wave attenuation length compare to the droplet size, another 

is the particle size compare to the wavelength. These two ratios can divide the particle 

positions into four regions where particles may be focused in the middle, or distributed 

near the boundary, or follow certain circular trajectories. With the development of 
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transducer design and separation theory, Zhang developed an acoustic based centrifuge 

system for size based cell separation(N. Zhang et al., 2021). In their design, an 

omnidirectional spiral surface acoustic wave can be generated by a novel interdigital 

transducer design, and the particles can be separated and directly extracted using a 

syringe.  

1.5 Acoustic separation in continuous flow 

Acoustic-based particle separation in continuous flow has been studied for a 

relatively long time. Well-established theory and device design make this method suitable 

for variable practical applications in the field of biology, chemistry, and material 

sciences(M. Wu et al., 2019). The basic principle of the method is based on the different 

acoustic radiation forces and drag forces acting on particles of different sizes. With the 

force difference, the particle displacement along the cross flow direction can be varied and 

larger particles can be separated from the small particles in a continuous flow (Figure 1.4). 

Following the standing wave based mechanism, the acoustic separation can be achieved 

using either bulk acoustic wave and surface acoustic wave. Generally, as surface acoustic 

wave based device usually has a higher frequency, the attenuation length of the acoustic 

wave in the liquid will be smaller. Thus, a microfluidic channel is usually used to 

cooperate with the device. The advantages of the surface acoustic wave based device are 

the separation efficiency and resolution can reach a very high value, while on the other 

hand, the throughput is relatively low. The bulk acoustic wave based device is commonly 
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more inexpensive, and the fluid channel can be engineered with a larger dimension thus 

may lead to higher throughput. However, due to the larger scale and lower frequency, the 

separation efficiency and resolution may not be as same as the surface acoustic wave 

device. Overall, the acoustic based separation features for its biocompatibility and non-

labeling property and has broad application potential. For example, Petersson et al 

demonstrated a BAW based device that can separate the blood cells from human 

blood(Petersson et al., 2005), and this capability can be used to transfer the blood cells 

from their original plasma environment to the new plasma solution. Following this study, 

Lenshof et al further demonstrated the whole blood plasma separation using acoustic 

waves (Lenshof et al., 2009). On the other hand, Adams et al showed a method to separate 

the blood cells in high throughput and temperature-controlled manner(Adams et al., 

2012). Nam et al demonstrated a platelet separation device using surface acoustic waves 

(Nam et al., 2011). With the measurement of the collected sample, the purity of the platelet 

can reach ~98% while the blood cell removal rate can reach over 99%. Chen et al further 

demonstrated a platelet separation method using bulk acoustic wave, which can reach a 

10 mL/min throughput(Y. Chen et al., 2016a). Besides the blood components, cancer cells 

and bacteria were also demonstrated to be separated from the blood sample. For example, 

Wu et al demonstrated a SAW based method for high throughput CTC (circulating tumor 

cell) separation and phenotyping(M. Wu et al., 2018). Ai et al indicated a SAW based 

method that can separate the E. Coli from the blood cells(Ai et al., 2013). Besides the 



 

17 

microscale particle separation, various nanoscale bioparticles can also be separated using 

surface acoustic wave. For example, Wu et al showed that they can separate the exosome 

sample directly from the whole blood(M. Wu, Ouyang, et al., 2017). In their design, two 

units were utilized with the tilted angle setup, the blood cells and relatively large vesicles 

can be separated sequentially and leave the exosome in the plasma sample. Different from 

the classic standing wave based separation, Collins et al demonstrated a micro-vortex-

based nanoparticle separation/differential concentration of the nanoparticles with 

different sizes(Collins et al., 2017). With a high frequency focused IDT, a strong vortex 

streaming can be formed in the microchannel, and particles can be pushed along the 

vortex streamline and have different cross flow displacement with different sizes. Collins 

et al also demonstrated a novel method that combines both acoustic radiation force and 

dielectrophoretic force to separate the nanoparticles(Collins et al., 2014). With the IDT 

electrodes embedded under the microchannel, particles can move along the tilted 

electrodes and being separated out. While substantial efforts have been developed for 

acoustic separation, more progress can be envisioned in order to push the technology 

toward the practical usage.  
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Figure 1.4: General illustration of acoustic -based particle separation in continuous 

flow.  

 

1.6 Dissertation outline 

This dissertation describes our research efforts on exploring the underlying 

mechanism of acoustofluidic particle manipulation and the utilization of the techniques 

for biomedical applications. A series of works are introduced to demonstrate the interplay 

effect between the acoustic wave and fluid motion based on three classic fluid models 

including bulk fluid, droplet, and continuous flow. Chapters 1-5 are expanded versions 

of published, submitted, or prepared research or review manuscript. A short motivation 

and a brief literature review are firstly discussed at the beginning of each chapter in order 

to indicate the innovation and features of our works. 

In chapter 2, we introduce the acoustofluidic holography technique which can be 

utilized for micro- to nanoscale particle manipulation. We have discussed how the 

complex acoustic field can interact with the fluid motion and cooperate with each other. 
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This technology can form the 2D or 3D arbitrary shape cell pattern with a fine resolution 

and complexity. Meanwhile, with the same experimental configuration, multiple 

functions can be achieved including single particle rotation, particle concentration, and 

separation with a broad size range.  

In chapter 3, we present an acoustofluidic centrifuge system that is based on an 

acoustic driven spinning droplet. We discuss the underlying physics and how this method 

can be applied to biomedical applications. With the spinning droplet, nanoparticles with 

the size down to 28 nm can be rapidly concentrated. Also, the particles with different sizes 

can be differentially concentrated. By building the dual-droplet acoustofluidic centrifuge 

system, we can separate and transport the smaller particle from one droplet to another, 

which also enables the separation of the exosome subpopulation. 

In chapter 4, we report two acoustic based separation methods that can be used 

for blood components separation including the platelet and plasma. For platelet 

separation, a plastic device based acoustic resonator is built with high throughput. For 

plasma separation, surface acoustic wave is utilized while multiple other units are added 

with the acoustic separator and form an integrated prototype. We have demonstrated this 

system can be applied to small animal (i.e., mice) plasma separation, and potentially be 

utilized for plasmapheresis or plasma exchange in the future.   

Chapter 5 summarizes this dissertation and presents perspectives for future study. 
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Chapter 2: Acoustofluidic holography for particle 
manipulation 

In this chapter, we describe an acoustofluidic holography technique that utilizes 

both arbitrary acoustic fields and collabrative fluid motion to provide an efficient 

approach for particle manipulation. This method was employed for arbitrary cell patterns 

with a controllable resolution as well as multiple other functions including particle 

concentration, separation, and rotation. Section 2.1 introduces the motivation of this work. 

Section 2.2 indicates the materials and methods used for the experiment. Section 2.3 details 

the theoretical model and working mechanism including the acoustic hologram, fluid 

dynamics induced by arbitrary acoustic waves, and particle force induced by the acoustic 

waves and fluid motion. Section 2.4 and 2.5 describes the major application: cell 

patterning, and some other applications. Lastly, section 2.6 is given on the discussion and 

future works. The major work presented in this chapter is published on ACS Nano. 

2.1 Motivation 

With the development of particle manipulation technique, various particle 

handling platforms have been explored, experiencing extensive attention to various areas 

such as protein folding(Dobson, 2003) and enzyme kinetics(Svoboda et al., 1994). These 

technologies indicate a new capability that can trap individual object for example viruses, 

bacteria, and cells, in a “tweezing” format.  Specifically, these methods include 

optical(Grier, 2003), magnetic(Lipfert et al., 2011), plasmonic(K. Wang et al., 2011), and 

optoelectronic tweezers(Chiou et al., 2005), and each of them indicates unique advantages 
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for certain senarios. For example, optical tweezers are able to provide the best spatial 

resolution, thus can be applied to studies ranging from single molecule to cellular 

manipulation(Ashkin, 1999). While it shows extreme potentials for force spectroscopy and 

biomolecular manipulation, optical tweezers usually require complex optical 

configuration, including high-powered lasers and high numerical aperture objectives, and 

potentially could damage the biological samples(Rasmussen et al., 2008). Acoustic based 

manipulation techniques, namely, acoustic tweezers, have emerged over the past decade 

as a non-contact, non-invasive and label-free alternative to optical tweezers(Collins et al., 

2015; Guo et al., 2016; Ozcelik et al., 2018; Reboud et al., 2012; J. R. Wu, 1991; M. Wu, 

Ouyang, et al., 2017; S. P. Zhang et al., 2018). Although it would be difficult for acoustic 

manipulation techniques to achieve the spatial resolution as high as the optical tweezers, 

they possess other unique advantages, e.g., able to perform manipulations in a large 

working area and can control particles with the size over a broader range, from 

nanometers to millimeters(Bourquin et al., 2010; Destgeer & Sung, 2015; Naseer et al., 

2017).  

Various acoustic tweezers platforms have been demonstrated revealing different 

capbilities. The most widespread design is the standing wave fields based manipulation 

which can provide stable trapping force (Glynne-Jones et al., 2012; Ozcelik et al., 2018). 

For standing wave, the interference between two acoustic beams propagating in opposite 

directions generates a periodic, grid-like pressure distribution, enabling particles of 



 

22 

different properties to be trapped at the pressure nodes or antinodes (Armstrong et al., 

2018; Bruus, 2012; B. Kang et al., 2018; Lenshof et al., 2012; Schmid et al., 2014). The 

standing wave generation usually needs pairs of acoustic transducers or reflectors. And 

due to its simplicity and stable performance, the standing wave based acoustic 

manipulation have been utilized for various applications, e.g., cell separation, sorter, and 

study of cell properties(Gu et al., 2020; Ozcelik et al., 2018). While the experimental 

configuration is simple, the capability it shows also possess relatively simple feature. It is 

difficult for the classic standing wave based manipulation to form the customized, 

arbitrary patterns of particles that could be necessary for various applications. As an 

alternative, single beams (e.g., Bessel beams) can provide an optical tweezer format 

manipulation in which a single trapping point exsist that can be used for controlling 

individual particles (Baresch et al., 2016; J. Lee et al., 2010). With this method, single objects 

can be levitated and dynamically controlled in three dimensional spaces. This method 

potentially could be very useful for contactless object manipulation in the air or in vivo, 

which benefits various applications for human life science(Drinkwater, 2016; Gu et al., 

2020; Y. Yang et al., 2021). While this method enables the forces act on individual particles 

to be well controlled; this property will have insufficient capability dealing with high-

throughput applications where multiple particles involved. Furthermore, the optical 

tweezers can utilize a spatial light modulator to efficiently change the location of the 

trapping point, the spatial acoustic modulator is still a technology barrier and under 
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development. Thus, for current single beam acoustic tweezers, it usually require a 

relatively large and complex experimental space and configuration in order to change the 

position of the transducer or provide phase modulation for various transducers.  

Various extensive efforts have been made to generate more complex acoustic fields 

through acoustic metamaterials(Cummer et al., 2016), phononic crystals(Fuhrmann et al., 

2011), and phased arrays(Marzo et al., 2015a). However, most current research still focuses 

on the object manipulation in air as a proof-of-concept demonstration, which may not be 

suitable for biomedical applications; most cells or related bioparticles are contained in 

their native liquid environment. Several most current studies demonstrate the dynamic 

acoustic tweezers for underwater manipulation using a phased array. While this is a 

breakthrough for the acoustic tweezer technique, the complex experimental setup and 

high expense still limit the common use at this stage, and the resolution is still insufficient 

for high-resolution manipulation. Recently, acoustic holography has shown great 

potential for particle manipulation(Marzo & Drinkwater, 2018). The acoustic holography 

was originally proposed for real-time image reconstruction of physical objects(Veronesi 

& Maynard, 1987), with which a hologram image can be reconstructed by illuminating the 

interface with a coherent light source and recording the deformation pattern. And it has 

recently experienced renewed attention for acoustic imaging and acoustic manipulation. 

There are two commonly used configurations for acoustic holography in the ultrasound 

regime: 1. a phased array composed of multiple transducers and each element within the 
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array can be modulated(Marzo et al., 2015a), 2. an acoustic kinoform which can be placed 

in the beam propagation path, the kinoform containing the phase information can 

discretize and reconstruct the desired wavefront(Melde et al., 2016b). While results have 

been promising, one important problem that the current method has specifically for 

underwater manipulation is: the current acoustic holographic technologies target at 

manipulation of relatively large (hundreds of micrometers), low-density particles which 

have negative acoustic contrast factors. While for cells or other bioparticles, due to the 

diffraction limit, insufficient force, and fluid turbulence(Melde et al., 2016b, 2018), it still 

has difficulty providing effective manipulation. And due to this property, many particles 

of interest, including most cell types, extracellular vesicles, metals, and many polymers 

have not been explored to be manipulated as most of these particles have positive acoustic 

contrast factors and are physically smaller than 100 µm(Ai et al., 2013). In general, most 

solid particles suspended in aqueous solutions have positive acoustic contrast factors(Ai 

et al., 2013), meaning that current systems possess insufficient capability for practical 

biomedical applications. Furthermore, the recent works mainly rely on acoustic radiation 

force and neglect fluid motion initiated by the acoustic waves, which also contribute to 

particle movement, especially for small particles that have small responses to the traveling 

acoustic wave radiation force(Friend & Yeo, 2011; Wiklund et al., 2012b). Thus, the 

holographic acoustic particle manipulation still needs further development and 

technology innovation in order to be applied to practical biomedical applications. 
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In order to deal with these problems and explore new capabilities of the holographic 

acoustic manipulation, we demonstrate an acoustofluidic holography (AFH) platform 

that addresses the limitations of previous approaches and enables precise manipulation 

of micro/nano particles, such as cells, polymers, and metals, with different physical 

properties (Schematic as shown in Figure 2.1). Moreover, the combined acoustic and 

hydrodynamic physics utlized in the platform enables the manipulation of particles with 

a wide size range, as well as the high-resolution patterning of cells. We infused the 

complex acoustic modulation and fluid motion controlling into a simple 3D printed 

container with a kinoform bottom. Thus it leads to the experimental configuration to be 

one acoustic transducer and one plastic structure. The kinoform can modulate the phase 

of the acoustic wave and then initiate the controllable three-dimentional acoustic field and 

fluid motion.  

The acoustofluidic holography, as its term stated, is the synergetic effect of the 

acoustic holography and induced fluid motion. With the acoustic wave propagate in the 

liquid, it will also generate acoustic streaming that can guide the movement of particles. 

On the other hand, the the acoustic wave can interact with the liquid-air interface and 

triger the interface deformation and create the local pressure field that can trap the 

particles. With this method, particles inside the bulk fluid will experience both a drag 

force by fluid motion and an acoustic radiation force by acoustic waves. As the container 

is a confined space with one open side (i.e., liquid-air interface), a circulating flow can be 
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generated within the space and utilized for particle manipulation. Specifically, the small 

particle can be guided move along with the flow through out the whole fluid domain. 

With the specific acoustic fields, the particles can be trapped at certain pressure nodes 

when it pass through the position. Different from previously proposed holographic based 

manipulation techniques(Melde et al., 2016b, 2018) which usually perform the 

manipulation in an unbounded medium, the AFH configuration limits the working area 

in a confined space and utilize the non-slip boundary conditions caused by the container 

side walls. The container shows a very small impact on acoustic wave propagation, thus 

can be utilized to coordinate between the acoustic wave and fluid motion. With our AFH 

configuration (transducer and container setup), multiple functions can be realized 

including cell patterning, single particle rotation, and particle concentration/separation. 

Furthermore, it is also capble of generating certain tunable function as multiple acoustic 

fields can be encoded into single structure and triggered by different frequencies. This 

work indicates an useful methodology applying the acoustofluidic holography 

manipulation method into practical applications such as bioprinting, tissue engineering, 

cell separation, and micro/nanomaterial synthesis and assembly.  
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Figure 2.1: Schematic of the configuration and mechanism of cell/particle patterning 

via  acoustofluidic holography. (a) Illustration of the AFH experimental setup. (b) 

Description of the AFH pattern function. In the figure, FH indicates the hydrodynamic 

force (drag force); FAR indicates the acoustic radiation force. (c-e) An example of the 

designed liquid-air interface deformation with the pattern of letter “D”. The calculated 

deformation pattern (c), pressure distribution (d), and photo of the experiment (e) are 

shown.   

 

2.2 Materials and methods 

2.2.1 Experimental setup and materials 

The experimental configuration consists one 3D printed box with the kinoform 

structures at the bottom, a rectangular transducer (STEMiNC, USA), with a layer of 

couplant gel (Couplant D, Olympus, Japan) between them for acoustic wave transmission 

as shown in Figure 2.2 (Gu et al., 2020). A function generator (AFG 3011, Tektronic, USA) 

and an amplifier (25A100A, Amplifier Research, USA), were used for acoustic transducer 
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exicitation. The particle and fluid motion (e.g., streaming) were observed under an 

upright microscope (BX51WI, Olympus, Japan) and the pictures and videos were 

captured by the camera under bright field or fluorescent field. 1 µm polystyrene particles 

was used to indicate the flow field by capturing the motion and analyzing use the PIVLab 

toolbox(Thielicke & Stamhuis, 2014) in Matlab, or ImageJ (NIH, USA). This method can 

lead to the analysis of the flow field velocity distribution and streamlines. The acoustic 

field is measured using a hydrophone (HNC0100, Onda Corporation, Sunnyvale, CA) 

connected to an oscilloscope (DPO4104, Tektronix, USA). A custom 3-D scanning platform 

controlled by LabVIEW software (NI Corporation, TX) is used to move the hydrophone 

and scan the field. 

For the particle/cell patterning experiment, HeLa S3 cells, NIH3T3 cells (fibroblast), 

and 10 µm polystyrene particles were used(Gu et al., 2020). For small-area particle 

patterning, 1 g/L Pluronic F68 (Sigma-Aldrich, USA) is used as the surfactant to decrease 

the surface tension. 5% w/v Gelatin methacryloyl (Sigma-Aldrich, USA) is used for the 

fixation of the cell pattern. Both HeLa cells and NIH3T3 cells were cultured in DMEM 

(Gibco, Life Technologies) containing 10% fetal bovine serum (Gibco, Life Technologies) 

and 1% penicillin-streptomycin (Mediatech). Cells were maintained in a cell culture 

incubator (Nu-4750, NuAire) with a temperature of 37°C and a CO2 level of 5%.  

For single particle rotation experiments, 100 µm, 300 µm, and 500 µm polyethylene 

particles (Cospheric, USA) are tested. For particle/cell concentration experiments, HeLa 
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cells, E. coli bacteria (ATCC, VA, USA), PLGA, polystyrene (Sigma-Aldrich, USA), and 

metal particles (nanoComposix, USA) with sizes of 1 µm, 530 nm, 400 nm, and 80 nm, 

respectively, are tested in the AFH configuration. In the particle separation experiment, 

10 µm, 4.19 µm, 3 µm, 1 µm, 970 nm, and 530 nm polystyrene particles (Sigma-Aldrich, 

USA, Bangs Laboratories, USA) with different fluorescence tags are tested in pairs, in 

order to explore the capability of particle separation with different size difference (Gu et 

al., 2020).  

 

 

Figure 2.2: Illustration of the 3D printed container. (a) The 3D model of the container 

with the structure as the bottom. (b) The side view of the 3D model, the height of structure 

and container are defined as ▀  and ▀ , respectively. (c) The 2D schematic of the 

experimental setup. A liquid domain containing particles are between the bottom 

structure and liquid-air interface and has the thickness of  ▀  which also is the designed 

distance between the bottom phase map and image plane.  
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2.2.2 Cell preparation 

For the HeLa S3 cells (ATCC, USA) staining, 1mL of calcein AM (0.5 mmol L-1, Life 

Technologies, USA) was added to 1 mL of cells suspended in phosphate buffer saline 

(PBS), followed by incubation at room temperature for 30 min(Gu et al., 2020). Stained 

cells were then centrifuged and resuspended in 1 mL of PBS, the E. coli bacteria (ATCC, 

USA) is stained using a BacLight Live/Dead viability kit (Thermo Fisher, USA), 50 µL of 

HeLa S3 cells are collected after AFH treatment(Gu et al., 2020). The cells are double-

stained with calcein AM (CAM) and propidium iodide (PI) after the 20 min incubation. 

The viability is measured by counting CAM-positive and PI-negative cells under the 

microscope. For the confocal images of the cultured NIH3T3 cells, Alexa Fluor 488 

(Thermo Fisher, USA) is used for the cells, and 7-Aminoactinomycin D (Thermo Fisher, 

USA) is used for the cell nucleus(Gu et al., 2020). 

2.3 Theoretical model and working mechanism 

2.3.1 Acoustic hologram 

Multiple acoustic hologram algorithms are complemented and tailored for this 

study. The most common algorithm is the iterative angular spectrum method based 

acoustofluidic hologram. The iterative angular spectrum method(Mellin & Nordin, 2001) 

is combined with the liquid-air interface deformation calculation, where the surface 

deformation can be obtained by knowing the intensity distribution and the transfer 



 

31 

function derived from the pressure equilibrium equation(R. K. Mueller, 1971). The surface 

deformation can be expressed as: 

( ËȟὯȠᾀ 0 ὯȟὯȠÚ 'ὯȟὯȠÚ ςȢρ 

Where ËȟËȟË indicate the wavenumber in join, x, y directions, respectively, 

ÚȟÚ are the vertical coordinates of the liquid surface plane and bottom plane, 

respectively. And the calculated transfer function 'ὯȟὯȠÚ  is: 

'ËȟËȠᾀ
ρ

”Ὣ ‎Ὧ Ὧ
ςȢς 

where ” is the density of the liquid, Ὣ is the gravity acceleration, and ‎ is the 

surface tension of the liquid (See Figure 2.4 for the characterization of the transfer 

function). 0 ὯȟὯȠÚ  is the Fourier Transform of the acoustic radiation pressure map:  

0 ὯȟὯȠÚ ꞈ
ὴὼȟώȠᾀ

”ὧ
ςȢσ 

where ὴὼȟώȠᾀ  is the pressure distribution on the ᾀ plane. 

Based on the angular spectrum method, we have: 

ὖËȟὯȠᾀ 0ὯȟὯȠÚ Ὡ ςȢτ 

This can reveal the relationship between the bottom pressure and the interface 

deformation through the following relationship: 

ꞈ ꞈ
( ËȟὯȠᾀ

'ËȟËȠᾀ
”ὧ  ὖËȟὯȠᾀ 0ὯȟὯȠÚ Ὡ ςȢυ 
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Thus, by designing the liquid-air interface deformation, we can directly calculate 

the phase distribution at the bottom structure and generate the thickness map for the 3D 

printed kinoform structure (See Figure 2.3 for comparison between theoretical calculated 

interface deformation and experimental results).  

The detailed design strategy is introduced in the publication(Gu et al., 2020). 

Generally, a random field distribution is split into multiple spatial frequency components 

by a 2D Fourier Transform and used to calculate the field distribution at a target plane. 

Then, transfer functions are used to translate the acoustic field to interface deformation. 

The deformation then will be changed to the desired pattern and backpropagte to obtain 

the bottom phase map. Several iterative processes are needed to minimize the erroneous 

components.  

Also, as Ὧ Ὧ  approaches Ë, the spectral transfer function ÈËȟὯȠÚ

Ὡ is inherently under-sampled which may cause aliasing errors. The 

spatial frequency truncation is applied and the cut-off spatial frequency is given by(Zeng 

& McGough, 2008): 

Ὧ Ὧ
Ὀ

Ὀ ςᾀ ᾀ
ςȢφ 

where $ is the length of the bottom structure. This spatial frequency cut-off can 

deal with the under-sampled angular spectra and minimize the influence of higher spatial 

frequency components. 
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Figure 2.3: Theoretical calculated liquid -air interface deformation and experimental 

realization.  
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Figure 2.4: The function of the interface deformation. As the transfer function showing 

a spatial frequency low-pass effect (a), the interface deformation pattern shows a clearer 

image and pattern effect (b) compare to the generated acoustic pressure field (c).  

 

The multiple frequency acoustofluidic holography provides more freedom for the 

field modulation. Specifically, this methods exploits the chromatic variation within the 

Fresnel focal depth for multiple frequencies. When two different pressure distributions 

are encoded into one bottom phase, both of the fields exist simultaneously as acoustic 

wave excited(M. D. Brown et al., 2017; Teo & Reid, 1986). The pressure field will be in-

plane with one corresponding excitation frequency while the field respective to another  

frequency will be out-of-plane as the wavelength dependence of the phase offsets during 

propagation. The relationship between the frequencies and distances of the imaging plane 

can be approximated as:  

ὪὨ ὪὨ ςȢχ 

where Ὢ , Ὢ, Ὠ , Ὠ  are the frequency designed for first pressure field, the 

frequency designed for second field, the imaging distance of the first field, and the 

imaging distance of the second field, respectively. 
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For binary acoustic hologram, an acoustic lens composed of a high-resolution pixel 

array encoded with binary digits (i.e., two distinct phase values) is developed. The digit 

values at all the array pixels are calculated via a direct binary search method (Leportier et 

al., 2015; J.-P. Liu et al., 2019). At the beginning of this method, a random binary phase 

distribution ὒ άȟὲ is used as the initial input and encoded in the acoustic lens, where 

ά and ὲ are the pixel indices along with x and y directions of the lens. Then, transmission 

acoustic fields with certain distances away from the acoustic lens plane is calculated and 

further compared with the target acoustic fields. On the one hand, to calculate the acoustic 

fields on the target plane, the angular spectrum method was used, as:  

ὴÍȟÎȠᾀ ꞈ ꞈ ὴάȟÎȠÚ Ὡ                      ςȢψ 

where ὴÍᴂȟÎᴂȠᾀ  is the acoustic field of the Ὥ th target plane with the distance of 

ᾀ away from the lens plane.  ὴάȟÎȠÚ  is the acoustic field of the lens plane. Ὧ, Ὧ, and 

Ὧ are the wavenumbers in joint, x, and y directions, respectively. On the other hand, to 

perform acoustic field comparison, the mean square error (MSE) between the calculated 

and target acoustic fields is derived by:  

ὓὛὉ 
ρ

ὔ
ὴÍȟÎȠᾀ ὴάȟÎȠÚ

ȟ

ςȢω 

where ὔ is the total number of pixels in the acoustic lens. During the process of 

the direct binary search method, each pixel value will experience the flip and compare 

pipeline. This means the phase value at that pixel will flip to the other binary digit value 
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(i.e., “0” to “1”, or “1” to “0”), and the corresponding acoustic fields will be recalculated 

and then compared to the target fields. If the MSE becomes lower, the new phase value 

will be selected; otherwise, it will be flipped back to its original value. Once all the pixels 

experience the flipping and comparison process, one searching cycle is completed. After 

multiple searching cycles (~10 cycles), the MSE will gradually converge to the minimum, 

which means the generated acoustic fields will have the least difference compared to the 

target acoustic fields. 

During the vortex calculation, differing from the common phase-only or 

amplitude-only holography calculation, we encoded both amplitude and phase 

information into a single structure in order to arbitrarily control the wavefront. The 

double-phase holography method(Davis et al., 1999; Hsueh & Sawchuk, 1978) is used here 

which decomposes the complex value into two phase quantities, so that any complex 

wavefront inside the unit circle can be expressed by: 

ÐØȟÙÅᶮ ȟ
ρ

ς
Ὡᶮ

ρ

ς
Ὡᶮ ςȢρπ 

where 

† ÃÏÓὴὼȟώȟὥὲὨ π †                    

By adding the extra term related to the amplitude to the original phase term, we 

successfully shaped the spectrum and encoded amplitude information onto a phase-only 

kinoform with a single structure. Thus, not only can angular momentum be transferred to 

the fluid, but the pressure field can also induce vortex streaming near the interface. 
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After the holographic kinoform is finalized, the pressure field at the target plane 

can be calculated and validated using the Rayleigh-Sommerfeld integration(M. Brown et 

al., 2017; Sheppard et al., 2013): 

ÐØȟÙ ȿ
ρ

ς“
ὴὼȟώ ȿ ὩЎ ȟ

ὭὯ

ὶ

ρ

ὶ
Ὡ Ä3 ςȢρρ 

where 3 is the target plane area and Ò ὼ ὼ ώ ώ  is the distance 

between the points at the bottom plane and the target plane. 

2.3.2 Fluid dynamics induced by acoustic waves 

When an acoustic wave impinges on the interface between liquid and air, the 

radiation pressure causes the interface to deform. Engineering the acoustic wavefront 

through the use of a 3D printed acoustic holographic kinoform offers precise control over 

the deformation of the interface. A hologram image can be reconstructed by illuminating 

the interface with a coherent light source and recording the deformation pattern(R. K. 

Mueller, 1971). This method, termed acoustic holography, is widely used for real-time 

object image reconstruction. At the same time, in a confined space, the deformation of the 

interface results in both an acoustic radiation force and induced streaming that can be 

harnessed to move particles in the fluid, enabling rapid particle patterning and cellular 

self-assembly (Figure 2.5). Through the use of acoustofluidic holography, the deformation 

of the interface is highly controllable, and arbitrary patterns can be formed. These 

deformation patterns give rise to pressure nodes and antinodes that are created by the 

reflection of the acoustic wave by the interface. Depending on the material properties of 
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particles inside of the fluid, they can potentially be trapped in these pressure nodes or 

antinodes. Meanwhile, the streaming flows continuously directs particles towards the 

nodes. Thus, particles in the fluid will flow into and be trapped in the nodes, creating the 

desired pattern. The deformation height is extracted from the calculation and a semicircle 

space is used to approximate the interface deformation. As the acoustic energy increases, 

the convex shape may become more salient and finally form a jet.  

 

 

Figure 2.5: Acoustic field and flow field within the deformed space. (a) The simulated 

acoustic field and liquid-air interface deformation. Insets: left: the pressure distribution, 

right: zoomed-in particle trajectory showing the flow field (frequency: 1.65 MHz, particle: 

2.07 µm PS particle). (b) The height of the interface deformation along the green dashed 

line.  

 

Here, we will give a detailed introduction of the mechanism of interface 

deformation and further discuss the related phenomenon. The exact level of surface 

deformation consists of components proportional to the linear and quadratic terms in the 

acoustic amplitude(Bertin et al., 2012; Metherell et al., 1969). The deformation can be 

expressed in terms of the linear wave equation: 
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Ў
ρ

ὧ

‬

‬ὸ
5 π ςȢρς 

Where 5 is the velocity potential and the velocity ○ Ὗɳ, the acoustic pressure 

can be derived as: 

ὴ ʍ
‬Ὗ

‬ὸ
ςȢρσ 

Thus the energy density in the field can be obtained: 

‐
”

ς
Ὗɳ

”

ςὧ

‬Ὗ

‬ὸ
ςȢρτ 

The energy flux density Ὢ: 

Ὢ ὴϽ○ ςȢρυ 

During the calculation, it is assumed that no acoustic energy is transmitted to the 

air, which means the normal component of energy flux vanishes at the interface(R. K. 

Mueller, 1971). And the interface deformation ÄØȟÙȟÔ is derived from the hydrostatic 

state.  

ÈØȟÙȟÔ È Ὤ ςȢρφ 

where È and È are the deformed interface height and static height. The velocity 

of the liquid which is normal to the hydrostatic interface is: 

Ἶὂ
ЋÈ

ЋÔ
ςȢρχ 

So that the deformation can be derived by: 

‬Ὗ

‬ᾀ

ЋÈ

ЋÔ
ςȢρψ 

Due to the energy flux is 0 at the interface, we can get: 
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Ὢ ”
‬Ὗ

‬ὸ

‬Ὗ

‬ᾀ
π ςȢρω 

Since the is not 0, we can easily find that: 

‬Ὗ

‬ὸ
π ςȢςπ 

The equation  , relates the surface deformation to the acoustic field Ὗ, 

by the integration of it, we can obtain:                        

ÈØȟÙȟÔ È ὼȟώ È ὼȟώȟὸ ςȢςρ 

with 

È ὼȟώȟὸ
‬Ὗ

‬ᾀ
Ὠὸ ςȢςς 

And the time-independent function È ὼȟώ is an “integration constant” that we 

shall determine. In order to get this component, we firstly consider the interface at 

equilibrium conditions. Here, gravitation and surface tension are acting to restore the 

plane interface, while this restoration force is normal to the interface and can be indicated 

as an equivalent pressure ὴ: 

ὴ ”ὫὬ ‎ɳ Ὤ ςȢςσ 

Thus, the time-independent component on the interface can only exist if the 

acoustic field exerts a corresponding pressure that can balance  ὴ. This balancing pressure 

is equal to the time-average energy density differential across the surface. Since we 

assume zero energy transfers across the interface, the differential is equal to the energy 

density at the interface: 
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ὴ
”

ς

‬Ὗ

‬ᾀ
ςȢςτ 

Therefore, the equilibrium condition meets ὴ ὴ π, and the time-independent 

component corresponds to the acoustic field. Thus, we can derive the relationship 

between the steady deformation and acoustic field: 

ᶯ
”Ὣ

‎
Ὤ

”

ς‎

‬Ὗ

‬ᾀ
ςȢςυ 

which can also be applied to the pressure equilibrium equation (Eq. (1)). Then, 

through Fourier Transform, we can get: 

ʍÇ(ὯȟὯȠᾀ ɾὯ Ὧ (ὯȟὯȠᾀ ὖ ὯȟὯȠᾀ ςȢςφ 

where the ὖὯȟὯȠᾀ  is the Fourier Transform of the acoustic radiation pressure. 

Using a transfer function to relate the acoustic radiation pressure to the deformation of 

the interface, we get: 

'ËȟËȠᾀ
ρ

”Ὣ ‎Ὧ Ὧ
ςȢςχ 

 where the radiation pressure Ð  fits the air-water boundary condition.    

The acoustic streaming is a fluid motion induced by viscous attenuation of acoustic 

energy during acoustic waves propagate in the bulk liquid(Friend & Yeo, 2011). Since the 

Reynolds numbers (ὙὩ ḳ ”ὺὒȾ‘, where ”, ὺ, ὒ, and ‘ are density of the fluid, 

velocity of the fluid, characteristic linear dimension, and dynamic viscosity of the fluid, 

respectively) of the vortex streaming in this work do not satisfy the condition of ὙὩ Ḻ

ρ, the perturbation theory-based method is not applicable for solving the acoustic 
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streaming(Friend & Yeo, 2011). Instead, according to Lighthill’s theory, the acoustic 

streaming is considered as driven by a steady body force ἐ generated by acoustic wave 

propagation, which can be written as(Alghane et al., 2010; Lighthill, 1978): 

Ὂ ”
‬όό

‬ὼ

‬ὺό

‬ώ

‬ύό

‬ᾀ
ςȢςψὥ 

Ὂ ”
‬όὺ

‬ὼ

‬ὺὺ

‬ώ

‬ύὺ

‬ᾀ
ςȢςψὦ 

Ὂ ”
‬όύ

‬ὼ

‬ὺύ

‬ώ

‬ύύ

‬ᾀ
ςȢςψὧ 

where ”  is the density of the fluid, and ό , ὺ , and ύ  are the x, y, and z 

component of time-harmonic acoustic particle velocity (○). The acoustic streaming can 

be simulated by considering this external force term when solving the governing 

equations of steady fluid motion, which are the continuity equation based on mass 

conservation and the Navier-Stokes equation based on momentum conservation: 

” Ͻɳ○ π ςȢςω 

” ○ Ͻɳ ○ ὴɳ ‘ɳ ○ ‘
ρ

σ
‘ᶯ Ͻɳ○ ╕ ςȢσπ 

where ”, ‘, and ‘ are the fluid density, bulk viscosity, and shear viscosity, ○  is 

the time-harmonic acoustic particle velocity, and  ○▀╬ is the steady acoustic streaming as 

variables of spatial position (ὼȟώȟᾀ), and ╕ is the external body force in Eqn. 2.28 relative 

to ○ρ. One can solve the acoustic streaming ○Ὠὧ based on the governing equations once the 

acoustic particle velocity ○ρ is known. 
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In this work, the acoustic pressure in the 3D fluid domain, ὴ, is designed and 

prescribed. The fluid medium oscillation velocity, ○ , can be approximated by ○

ὴɳȾὮ”‫ . The distribution of body force (╕) can be calculated by knowing the 

distribution of  ○ . 

The FEM-based software package, Comsol Multiphysics 5.4 (the COMSOL group) 

was employed for the numerical simulation of acoustic streaming in the 3D fluid field. A 

predefined “Laminar Flow” physics was used to solve the governing equations of the 

acoustic streaming problem. The data matrix of body force was calculated by MATLAB 

as stated above and then imported to COMSOL model to be applied to the 3D calculation 

domain by adding a “volume force” condition. The boundary conditions on the water-

solid interfaces and water-air interfaces were set to “no slip” (◊   ) and “slip” (◊Ͻ▪

π), respectively. The problem was solved via a “Stationary” solver.  

2.3.3 Particle force analysis 

2.3.3.1 Acoustic radiation force of standing wave field  

The acoustic radiation force generated by a standing wave field has been widely 

studied(Bruus, 2012; Meng et al., 2019). Here, we just simply show the formulas we used 

to calculate the radiation force in our studies.  

The acoustic radiation force on a small spherical particle (ËÁḺρ) in an inviscid fluid can 

be indicated as the gradient of the Gor’kov potential(Gor’kov, n.d.) Ὗ :  

Ὂ Ὗɳ ςȢσρὥ 
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Ὗ
τ“

σ
ὥ Ὢ

ρ

ς
‍ộὴ Ớ Ὢ

σ

τ
”ộὺ Ớ ςȢσρὦ 

Where Ὢ‍ȟ‍ ρ , Ὢ ”ȟ” . 

As the wave reaches the liquid-air interface, the standing wave is formed along with the 

curved interface deformation. Since the acoustic field in the fluid domain can be 

considered as the integration of different incident plane wave components, and the liquid-

air interface is nearly a perfect reflector due to the large acoustic impedance mismatch 

between air and liquid, the standing wave field near the interface can be approximately 

considered as ideal standing wave interference by the incidence wave and reflected wave 

with ʒ • . The acoustic radiation force is found by(Bruus, 2012): 

Ὂ
“Ὧὥὴ

”ὧ
ᶮɼȟʍÓÉÎςὯᾀ ςȢσς 

where ᶮɼȟʍ Ὢ‍ȟ‍ Ὢ ”ȟ”  

and the Ὂ ͺ ᶿὥ 

2.3.3.2 Acoustic radiation force of travelling wave field  

The acoustic radiation force of travelling wave field is studied firstly by King et al.(King, 

1934; Yasuda & Kamakura, 1997) where when ËÁḺρ, the force can be shown by: 

Ὂ
ς”ὴ ‫ὥ

ὧ

ụ
Ụ
Ụ
Ụ
ợρ

ς
ω
ρ
”
”

ς
”
” Ứ
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ủ
Ủ
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Later, Yosioka and Kawasima (Yasuda & Kamakura, 1997) expanded this theory by 

considering the acoustic radiation force on a compressible, spherical particle in an inviscid 

fluid, which introduces the relationship between the speed of sound in the particle and its 

compressibility. The force can be shown and widely used by: 

Ὂ
ς“ὴ ‫ὥ

ω” ς
”
”

ὧ

σ ς
”

”

‍

‍
ςρ

”

”
ςȢστ 

where Ὂ ͺ ᶿὥ 

Since in the previous holographic particle pattern (Melde et al., 2016a), the particles are 

patterned and trapped by an acoustic transparent film on top of the image plane, the 

acoustic radiation force can also be indicated as considering the viscous fluids due to the 

top non-slip boundary(Johnson et al., 2016; Settnes & Bruus, 2012): 

Ὂ
σ“ὥ‫ὴ

”ὧ
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Ủ

ςȢσυ 

Where ‏ , and ’ , and Ὂ ͺ ᶿὥ 

2.3.3.3 Spherical isotropic scattering  

Skowronek et al.(Skowronek et al., 2013) reported that the net acoustic radiation force 

applied by the traveling surface acoustic wave on a small particle vanished when ʆ

ËÁ  ρ due to spherically isotropic scattering(Destgeer et al., 2014). 
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2.3.3.4 Hydrodynamic force  

The hydrodynamic force on a small spherical particle is widely known as derived by 

solving the Stokes flow limit for small Reynolds numbers of the Navier-Stokes equations.  

 

For our method, the typic fluid velocity is from 0.1 mm/s to 1 mm/s, and the height of the 

structure is from 5λ to 40λ. So that we can approximately get the Reynolds number, and 

the maximum Reynolds number of the different combination of distances and flow 

velocities is below 10, which is small enough to be considered as laminar flow (Batchelor 

& Batchelor, 2000; Lamb, 1993; Lighthill, 1978). And the typical Reynolds numbers in the 

experiment are below or comparable to 1.  

Thus, we can calculate the hydrodynamic force by solving the equations: 

Ðɳ ʈɳ ὺ ‘ɳ ‫ ςȢσφ 

ϽɳÖ π ςȢσχ 

Where the Ð, ὺ, ʈ, ,are fluid pressure, flow velocity, dynamic viscosity, and vorticity ‫ 

respectively. 

For the particle in a far field flow, cylindrical coordinate system (ÒȟʒȟÚ) is used to calculate 

the force exerted on it (Batchelor & Batchelor, 2000; Lamb, 1993; Lighthill, 1978). Then the 

flow can be described with a Stokes stream function ʕ, which depends on Ò and Ú: 

ὺ
ρ

ὶ

‬‪

‬ὶ
ςȢσψ 

ὺ
ρ

ὶ

‬‪

‬ᾀ
ςȢσω 
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Since the z-axis is through the center of the particle and aligned with the mean flow 

direction, the origin is at the particle center, the flow is approximately considered as the 

axisymmetric around the z-axis. Here the only non-zero component of the vorticity vector 

ʖ is the azimuthal ʒ: 

‫
‬ὺ

‬ᾀ

‬ὺ

‬ὶ
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ρ
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Thus the solution can be found to be: 

‪
ρ

ς
ὺὶ ρ
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ὥ
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ρ

ς

Ὑὥ

Ѝὶ ᾀ
ςȢτς 

The viscous force per unit area ʎ, exerted by the flow on the surface of the spherical 

particle, is in the z-direction everywhere: 

ʎ
σ–ὺ

ςὥ
ςȢτσ 

Integration of the viscous force per unit area over the sphere surface can give the 

hydrodynamic force according to Stokes law: 

& „ὨὶὨ•Ὠᾀτʌὥ
σ–ὺ

ςὥ
φʌ–ὥὺ ςȢττ 
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Figure 2.6: Force analysis of immersed particle.  (a) The pressure distribution of the 

deformed space. (b) The Gor’kov potential below the dashed green line in (a), the black 

arrows show the acoustic streaming flowing toward the deformed space, and particles are 

trapped at the convex position. (c) The acoustic wave propagation with different time 

steps showing the wave focusing and localized standing wave. (d) The height of the 

deformation along the green dashed line in (a). (e) The vertical acoustic radiation force 

and lateral hydrodynamic force distribution. The two lines intersect at the trapping 

position where the force equals zeros.  

 

 

Figure 2.7: Acoustic radiation force and drag force analysis. (a) The typical lateral 

hydrodynamic force and acoustic radiation force with different measured lateral flow 

velocities and acoustic pressure. (b) The measured lateral flow velocity with different 

exciting acoustic pressure.  
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Meanwhile, the hydrodynamic force and acoustic radiation force of a standing wave are 

~102-104 larger than the radiation force of a traveling wave (Figure 2.6 and Figure 2.7). The 

model used for calculating the radiation force of traveling wave is based on the M. Settnes 

and H. Bruus, Phys. Rev. E 85, 016327 (2012), in which the radiation force is proportional 

to ὥ. For the classic model radiation force of traveling wave based on the K. Yosioka and 

Y. Kawasima, Acta Acustica united with Acustica 5, 167 (1955), the force is proportional 

to ὥ, which will make the calculated force even smaller. Thus, the acoustic radiation force 

of standing waves and the hydrodynamic force are the two major forces that can provide 

enough force to manipulate small particles in the liquid. 

2.4 Cell patterning using acoustofluidic holography 

2.4.1 Two-dimensional cell pattern 

As aforementioned mechanism, when the acoustic waves with a specific pressure 

distribution propagate to the liquid-air interface, it will create a convex space on the 

interface (See Figure 2.8 for configuration comparison between previous acoustic 

holographic particle pattern and our method). In this study, the deformation profile is 

designed to be the specific pattern and can be back derived to the pressure field, then the 

pressure field is set as the target field for the acoustic hologram. Within the convex space, 

a localized vertical standing wave can be formed as well as the acoustic streaming keeps 

flowing into space. Thus, due to the balanced force of acoustic radiation force, drag force, 
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and gravity, particles can be trapped into the convex area which has the desired shape.  

The vertical deformation of the water surface Ὤ fits the pressure equilibrium equation: 

ʍÇÈ ɾɳ Ὤ ςὴ ςȢτυ 

where ʍ is the density of the water, Ç is the acceleration due to gravity, ɾ is the 

surface tension of the water, and ὴ is the acoustic radiation pressure. The acoustic 

radiation can be indicated using the expression given by Gor’kov(Gor’kov, n.d.): 

Ὂ ᶯὠ
Ὢ

ς”ὧ
ὴ

σ”Ὢ

τ
○ Ͻ○ ςȢτφ 

where Ὢ ρ , Ὢ , ὠ, ” , ὧ , ” , ὧ are the volume, density, 

acoustic velocity of the particle (with the subscript of p), density, and acoustic velocity of 

the liquid (with the subscript of 0), respectively. ὴ and ○  are the pressure and velocity 

of the acoustic field. 

And the hydrodynamic force resulting from acoustic streaming can be calculated 

with the measured flow velocity ὺ(Friend & Yeo, 2011): 

& φʌ–ὥὺ ςȢτχ 

where – is the dynamic viscosity.  

Relying on this mechanism, we have first tested the microparticle pattern using 10 

µm polystyrene particles. With acoustic waves turning on, the particles can gradually 

form the desired pattern near the liquid-air interface with a narrow feature that indicates 

the high local particle concentration in the patterned area. With the successful particle 

demonstration, we continue to test the HeLa S3 cells with the same structure. The liquid-
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air interface was designed with the shape of four different letters: “D”, “U”, “K”, “E”. 

After the acoustic waves excited, cells are also able to be patterned as the prescribed shape 

(Figure 2.9). During the experiment, we also observed that the formed pattern has a 

feature width smaller than the acoustic field resolution (~λ/2), which also indicates the 

cells are tightly concentrated in the deformed space. As the deformed space is a convex 

shape, cells may be trapped near the tip of the interface, so that the width of the pattern 

will be smaller (Figure 2.10). This result may indicate the advantages of utilizing the 

liquid-air interface to pattern the particles: the actual pattern resolution can be higher than 

the theoretical value, and the local cell concentration can reach a relatively high value as 

well. On the other hand, since acoustic wave can propagate through the solid structure, it 

allows us to pattern the cells in a different environment, e.g., petri dish which is commonly 

used for biological sample handling and also benefit to the follow-up study. Through the 

experiment, we observed that the modulated acoustic waves can penetrate the bottom of 

the petri dish and form the desired cell pattern in the petri dish (Figure 2.11). This finding 

pushes the study a step forward and may benefit the applications in the field of tissue 

engineering in the future as the arbitrary cell pattern can be formed directly in the petri 

dish in a contact-free manner. Thus, our next step was to find a way to fix the pattern, so 

that the cells can be cultured after the pattern. We utilized the 5% GelMa hydrogel which 

can be gelated using blue light.  We have tested the cell pattern within the hydrogel 

putting in the petri dish. After the acoustic waves are turned on, cells can be still patterned 
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to the designed shape although the required input voltage will be larger as the hydrogel 

has a higher viscosity which may hinder the movement of the cells. With the blue light 

shining for several seconds, the hydrogel will be crosslinked and fix the pattern in the 

petri dish. And the patterned cells were observed to grow and form the clusters with the 

prescribed shapes (as shown in Figure 11 and Figure 12).  

 

 

Figure 2.8: Schematic showing the differences in the experimental setups and 

underlying mechanisms for patterning particles  using (a) previously demonstrated 

acoustic holography techniques and (b) acoustofluidic holography (AFH).  
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Figure 2.9: Cell and particle patterning via  acoustofluidic holography. The process 

illustration and experimental result of the AFH based particle/cell patterning process. 

When acoustic waves pass through the structure and modulated to certain phase 

distribution, blue 10 µm PS particles (top row) and cells (bottom row) will be patterned at 

convex surface deformation positions. Scale bar: 600 µm for cell pattern and 50 µm for 

zoomed in image.  

 

As the previously described work mainly focused on a large number of cells, we 

also explored if we could pattern the cells with higher resolution. One straightforward 

way to increase the resolution is to increase the frequency. We have tested different 

frequencies during the particle patterning experiment from 1 MHz to 7 MHz and the 

corresponding structures were designed. However, there is one limitation for high 

frequency acoustofluidic holographic structure fabrication: the 3D printing resolution 
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may be insufficient for higher frequency structure. The thickness map of the structure can 

be calculated by: 

ὸØȟÙ ὸ
Ў•ὼȟώ

Ὧ Ὧ
ςȢτψ 

where ὸ is the originally settled thickness, Ў•ὼȟώ is the calculated phase map, 

Ὧ is the wave number of the structure, and Ὧ is the wave number of the liquid. Thus, 

with higher frequency, the thickness difference between the pixels that can generate the 

phase map to specific values becomes smaller. In other words, for higher frequency 

acoustofluidic holography, the error of the 3D printing especially in the z-axis will have a 

higher influence on the wave modulation. While for acoustofluidic holography, the phase 

information covering from 0 to 2p are encoded into the bottom structure, which translates 

to numerous different thickness steps. In order to generate the high frequency holographic 

structure, either a higher-resolution fabrication method should be explored, or find a way 

to simplify the phase information as well as lower the thickness resolution requirements.  

Thus, we explored a new method called binary phase acoustofluidic holography and 

demonstrated this method can be implemented to enable new capabilities in higher 

resolution cell patterning while keeping the simplicity of the fabrication. The detailed 

calculation procedure was introduced in the last section. Basically, for the binary 

acoustofluidic holography, the desired acoustic field can be generated using a kinoform 

that only contains two distinct “bits”. These two bits correspond to an acoustic phase of -

0.02p and p rad, which represents theoretical binary information of “0” and “1”. Through 
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the simulation, we also found that the selection of the two phases in fact has relatively 

wide freedom, and the -0.02p is chosen by calculating the average phase value of a phase 

map derived from the angular spectrum method. The value of each binary pixel can also 

correspond to the thickness information and the current thickness map only contains two 

digits as well. Meanwhile, another advantage of using binary acoustofluidic holography 

is variations in the thickness of the design that shift the phase by multiples of 2π will 

maintain the bit value. Thus, a sufficiently large difference between two digits can be used 

to accommodate the 3D printing resolution while maintaining the phase information that 

can modulate high frequency acoustic waves. With this method, we are able to push the 

frequency to 15 MHz and fabricate the structure that can fit with this frequency. And in 

the experiment, a higher resolution cell pattern can be achieved with the width of the 

feature decreased to one cell. While the pixel width of the structure for 15 MHz is 50 µm 

(λ/2), it actually did not achieve the exact single-cell resolution. But as the aforementioned 

resolution improvement due to the interface deformation, the pattern of the letter “D” can 

be formed with a high resolution (Figure 2.13). This result indicates the fact that the 

acoustofluidic holography can possess the potential of the cell pattern with different on-

demand resolutions while further development of the fabrication procedure is still needed 

in order to achieve higher resolution.  
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Figure 2.10: The feature width comparison between (a) the actual HeLa cell pattern and 

(b) the calculated corresponding acoustic field. (c) Comparison between the spatial 

resolution of the interface deformation and the acoustic pattern. With the interface 

deformation, cells can be patterned with a width of ~309 mm under an excitation frequency 

of 1.65 MHz, while for the acoustic field, the minimum feature resolution is half of the 

wavelength corresponding to ~454 mm.  
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Figure 2.11: Cell patterning in the petri dish. (a) The flowchart of acoustofluidic 

holography-based cell patterning and culture in a petri dish. The cell sample is first 

randomly distributed in the hydrogel solution in a petri dish. After the pattern is formed, 

blue light (~410 nm) is used to gelate the hydrogel. Then the petri dish containing the cell 

pattern is detached from the structure and put into the incubator for cell growth. (b) The 

cell pattern right after acoustic wave treatment. (c) The cell pattern after 2 days of culture. 

Scale bar: 500 μm. Insets 1-4: The zoomed-in confocal images. Scale bar: 200 μm. (d)(e) 

The zoomed-in confocal images showing the detailed features of the cell pattern. Scale 

bar: 50 μm.  



 

58 

 

Figure 2.12: Disk shape cell pattern using acoustofluidic holography. (a) The bright-field 

image of the disk-shaped cell pattern formed by acoustic vortex after 2 days of culture. (b) 

The fluorescent image of the patterned cells. Insets 1-4: zoomed-in microscopic images 

showing the features of the pattern. Scale bar: (a)(b) 500 μm, insets: 100 μm.  
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Figure 2.13: Binary acoustofluidic holography for high -resolution cell patterning. (a) 

Illustration of binary AFH based high-resolution cell patterning. (b) The designed pattern 

with the letter “D”, the bottom phase map includes black and white area corresponding 

to binary digits. The calculated pressure distribution, binary bottom phase, and phase 

distribution along the red dashed line are shown respectively. Inset: pixelwise designed 

pattern (left), a microscopic image of the liquid-air interface (right). (c) The high resolution 

pattern of the NIH3T3 cells. (d) Cell growth after 2 days. Scale bar: 50 µm.  

 

2.4.2 Three-dimensional layer-by-layer cell pattern  

With the basis of the two-dimensional cell pattern, we further demonstrate a 3D 

cell patterning technology, termed acoustofluidic virtual scaffolds (AVS), that enables the 

fabrication of complex 3D cellular architectures in a contact-free and biocompatible 

manner. Using a binary acoustic lens on the path of the acoustic wave propagation, a 
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complex 3D acoustic field composed of multiple individual 2D patterns can be generated 

within a hydrogel. By harnessing both the localized acoustic radiation force and fluid 

motion, cells are patterned in the hydrogel within the convex space near the gel-air 

interface. As opposed to many current bioprinting methods that must first print the 

hollow hydrogel structure and subsequently inject cell solution afterwards (Gaebel et al., 

2011), here, in our system, cells can be directly patterned with a highly localized 

concentration by acoustic induced virtual scaffolds. This approach provides a new 

platform for a 3D cell printing and culture system which will benefit a diverse set of 

applications in materials science, biology, and medicine. 
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Figure 2.14: Operating mechanism of the  3D acoustofluidic virtual scaffolds (AVS).  (a) 

Illustration of the acoustofluidic virtual scaffolds. The experimental system mainly 

consists of one acoustic transducer and a binary acoustic lens. A complex 3D acoustic field 

can be generated through acoustic wave modulation from the binary acoustic lens. Cells 

inside the pre-hydrogel solution can be patterned into prescribed, arbitrary shapes and 

form the 3D cell structure. (b) In a single hydrogel layer, before the acoustic patterning, 

the cells are randomly distributed in the liquid. As the acoustic waves are excited, the 

acoustic radiation pressure will create the liquid-air interface deformation which contains 

localized acoustic pressure nodes and fluid motion that can pattern the cells. (c) Schematic 

showing how the layer-by-layer patterning of multiple 2D cell patterns can generate and 

form the 3D structure after culture. (d) The operating procedure for 3D patterning via 

AVS. Cells in the pre-hydrogel solution will be injected into the system and patterned to 

a 2D shape. After the pattern is formed, blue light is used for the gelation of hydrogel 

solution and fixation of the cell pattern. Then, another layer is added and the next cell 

pattern is formed. By replicating this process, a layer-by-layer 3D cell structure is 

constructed. (e) The simulated flow field and particle trajectory in the deformed area, with 

the help of localized acoustic radiation force and streaming, particles/cells can be guided 

to the deformed space. 

 

Figure 2.14 illustrates the mechanism of using AVS to construct 3D cell patterns in 

a hydrogel. A piezoelectric transducer is used to generate incident acoustic waves. As 

waves transmit through a binary acoustic lens, their phases will be modulated. Hence, the 



 

62 

interference of phase modulated acoustic waves will form complex 3D acoustic fields, 

which further enables acoustofluidic effects to pattern cells and construct 3D cellular 

structures. With the binary acoustic lens designed, a 3D acoustic field can be formed with 

the acoustic signal excitation through the lens. As various specific 2D acoustic fields are 

encoded into this 3D field with different distances along the z-axis, we are able to generate 

the 3D cell pattern pipeline in a layer-by-layer manner (Figure 2.14). Specifically, for each 

layer, the pre-hydrogel solution containing particles/cells is injected into the AVS system 

and the height of the fluid equals the distance between each target 2D plane. Then, with 

the acoustic waves, cells can be guided to form the pattern at the liquid-air interface (see 

Figure 1b for the schematic and Figure 2.14e for simulated particle tracing result). After 

the cell pattern is stably structured, blue light (405 nm wavelength) is utilized to gelate 

the pre-hydrogel solution and solidify the pattern layer. The next pre-hydrogel solution 

layer will be then added on top of the previous layer. While the gelated hydrogel is under 

the swelling status with the majority of the liquid inside, the bottom layer gel will barely 

influence the acoustic wave propagation and the cells can continue to be patterned within 

the newly stacked layers (Naseer et al., 2017; Y. Wang et al., 2018). With an accumulating 

number of layers, complex 3D cell patterns can be built, and the cells will retain their 

structure after culture (Figure 2.14c). 

In this mechanism, the design of the binary acoustic lens is critical to the 

construction of the desired 3D cellular structure. Figure 2.15 shows the mechanism for 



 

63 

designing the binary acoustic lens. In order to construct a cellular structure whose 

architecture is analogous to a target 3D greyscale digital model, this model is discretized 

into a series of 2D greyscale images (slices) at gradient heights (i.e., z coordinates). Then, 

by mapping the images’ grayscale values to acoustic intensities, a set of 2D acoustic fields 

will be obtained (Figure 2.15a). Therefore, if our AVS device can generate these acoustic 

fields, we will be able to construct the desired cellular structure. To generate the target 

acoustic fields, an acoustic lens composed of a high-resolution pixel array encoded with 

binary digits (i.e., two distinct phase values) is developed (Figure 2.15b). The digit values 

at all the array pixels are calculated via a direct binary search method (Leportier et al., 

2015; J.-P. Liu et al., 2019). 
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Figure 2.15: Binary acoustic lens design and characterization. (a) The process of the 

acoustic lens design. First, the desired digital 3D model is sliced with a fixed layer distance 

to obtain the stacked 2D patterns. Then, the 3D binary acoustic lens is designed with the 

pressure fields fitting to the generated 2D pattern along different z-planes. (b) The binary 

acoustic lens is generated by a direct binary search to form the desired 3D acoustic field. 

With each iteration, every pixel of the lens will go through the trial digit flip to guarantee 

the mean square error is minimized. (c) The 3D acoustic fields with multiple 2D sections 

along the z-axis. (d) The MSE calculated with different iteration times. The MSE will 

become convergent with the iteration times of ~10. The MSE of the direct binary search 

method is compared to the binary rounding method, the results show with multiple 

iteration times, the MSE will become smaller than the binary rounding method, which 

indicates a better fidelity of the acoustic field. Insets: the designed binary acoustic lens 

with different iteration times (i.e., 0, 1, 5, and 10 iterations). (e) The MSE changing with 

the layer numbers, the distance between each layer, and the total pixel numbers.  

 

We first investigated the relationship between the calculation cycle, the MSE, and 

the performance of the AVS system. As discussed above, with more computation cycles, 

the MSE will decrease and gradually approach the minimum value. As shown in Figure 
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2.15d, the descent speed of the MSE is decreasing along with the cycle number as well, 

and the first cycle can reduce ~70% MSE over the total reduced MSE, which shows a quick 

convergence speed. Meanwhile, we also compared our approach to another algorithm 

that is commonly used for generating binary holography: binary rounding (Stuart et al., 

2014), which will first calculate the common phase distribution covering the phase range 

from 0 to 2p and then directly round the phase to its nearest binary digit value. Although 

this method shows a faster calculation process, the acoustic fields show a clear lower 

fidelity/MSE level compared to the results after two calculation cycles. We also studied 

the influence of the total numbers of the encoded layers, as shown in Figure 2.15e. For 

more encoded layers, the MSE will increase along with the number of layers with a nearly 

linear growth rate. This is understandable as the MSE of the single layer will be 

convergent to a minimum level, with more layers, the total MSE will accumulate with the 

number of the layers (i.e., MSE is approximately linearly proportional to the layer 

numbers). Meanwhile, the settled distance between each layer (slicing interval) also 

impacts the MSE, while a distance less than one wavelength will have larger errors and 

the MSE will gradually decrease as the distance between layers increases. This fact highly 

connects the pattern performance of AVS and the thickness/volume of the fluid in each 

layer. Although a larger distance between the layers may induce better fidelity, a tradeoff 

should be made as a larger distance will also impact the cell connection and structure 

formation between the layers. Furthermore, with a higher number of total pixels, the MSE 
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can also be minimized as more information can be encoded into the bottom structure and 

contribute to the 3D acoustic fields. 

 

 

Figure 2.16: Two -layer prescribed, arbitrary cell patterning via  AVS.  (a) Letter patterns 

with “A” and “F” are designed at different z distances. The bottom structure is calculated 

and re-projected to the corresponding z-plane with the acoustic fields fitting to the 

designed pattern. (b) The calculated 3D acoustic fields and cross-section. (c) The 

fluorescence image and corresponding Hough transform before and after the acoustic 

patterning for the second layer (i.e., closer to the observation plane). (d) The fluorescence 

image and corresponding Hough transform before and after the acoustic patterning for 

the first patterned layer. (e) Experimental results showing the microscopic cell images 

along different z-planes. Scale bar: 500 µm. (f) The estimated local cell concentration 

comparison between before and after the patterning. Inset: The fluorescent images with 

the mask used for local area determination. Scale bar: 500 µm.  
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With the aforementioned procedure, we validated the AVS patterning technique 

using a two-layer cell pattern. As shown in Figure 2.16a, we designed the acoustic fields 

with two target layers which have the intensity patterns of the letter “A” and “F”, 

respectively. Thus, through the acoustic wave propagation, the acoustic fields will 

gradually change from one letter to another (Figure 2.16b). Within the acoustic lens 

design, the distance between the layers (also the distance between the lens and first layer) 

was set to be 3 wavelengths. For the first layer (the layer closer to the acoustic lens), as the 

fluid is injected into the system and the acoustic excitation is turned on, the acoustic waves 

impinge on the liquid-air interface and create a stable interface deformation that has the 

same pattern as the acoustic intensity pattern. Meanwhile, the liquid-air interface will 

reflect the acoustic waves, which will subsequently interfere with the incident wave. The 

interface deformation and the reflection form a steady state where a localized standing 

wave field is formed near the interface and creates the acoustic streaming flow towards 

the deformation space (Gu et al., 2020; Melde et al., 2016a; R. K. Mueller, 1971). Altogether, 

cells/particles inside the fluid will be pushed to the deformed space and patterned into 

the designed shape. In order to validate this mechanism, a theoretical model is developed 

with which the acoustic streaming induced drag force (Ὂ) and acoustic radiation force 

(Ὂ ) are considered in a fluid space.  

With the time-domain simulation, particle tracing is conducted and showing the 

local concentration in the deformed space under the influence of both acoustic radiation 



 

68 

force and drag force (Figure 2.13e). Based on this mechanism, we demonstrated the two-

layer cell pattern with the shape of “A” and “F” in the first and second layer respectively. 

HeLa S3 cells and 5% GelMa solution are used in the experiment. The patterning of the 

cells is observed under the fluorescence microscope and further analyzed through Hough 

transform which can identify the features of the fluorescent image. As shown in Figure 

2.16c-d, before the acoustics are turned on, the cells in each layer are randomly distributed 

which corresponds to a Hough transform image with multiple wild curves. After the 

acoustic patterning, the designed cell shapes can be formed while the Hough transform 

shows a more organized pattern with multiple crossed curved corresponding to the 

specific features.  We also observed fluorescence images of the cells along the z-axis which 

can better show the pattern transition from one layer to another as shown in Figure 2.16e. 

Furthermore, the AVS patterning also enables a higher local cell concentration (~1.78 x 107 

cells/mL before the pattern and ~2.54 x 108 after the pattern) as shown in Figure 3f. Here, 

the “A” pattern scenario was used to calculate the cell concentration as an example. We 

calculated the mask area (i.e., “A” shape mask that can cover the cell pattern area) and 

cell counts within the mask. By comparing before and after the AVS process, we observed 

the local cell concentration has increased about 15 times. This could be beneficial to the 

cell-cell interaction and bonding after specific patterns are formed. 
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2.5 Other functions using acoustofluidic holography 

2.5.1 Single particle rotation 

Besides the cell patterning function we have demonstrated, there are also some 

other functions and phenomena we have explored with the acoustofluidic holography 

configuration. One example is single particle rotation/spinning (Figure 2.17). The basic 

experimental setup is similar to the one used for cell pattern, which includes a fluid 

container with a kinoform as the bottom, and one acoustic transducer. The pressure field 

is designed as a vortex shape and will induce a circular shape liquid-air interface 

deformation with a concave position in the middle. With the acoustic wave, the bulk 

acoustic streaming was observed to be generated and can drive a floating particle rotation 

when it is put on top of the liquid. The rotation velocity can be tuned by changing the 

amplitude of the acoustic wave (See Figure 2.18 for rotation speed analysis). During the 

experiment, we observe the rotation speed is roughly proportional to the input voltage 

from ~20 Vpp to ~45Vpp, and beyond this point, the precession of the particle inhibits 

further improvement of the rotation speed. Based on this interesting phenomenon, we 

also considered improving the flexibility of the rotation. With two distinct vortex shape 

pressure distribution encoded into a single structure (Figure 2.17), we may change the 

direction of the rotation. Specifically, we encoded two vortex shape pressure distribution 

with clockwise and anticlockwise directions into a single AFH structure by using multiple 

frequency holography. Thus, the desired pressure field can be excited by tuning the 
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frequency. In the experiment, 1.65 MHz and 1.75 MHz are used which are two resonance 

frequencies of one transducer. With 1.65 MHz, the particle can achieve clockwise rotation, 

while under the 1.75 MHz, the particle will rotate in the reversed direction due to the 

changed pressure and streaming field.  

 

 

Figure 2.17: Single particle rotation  via acoustofluidic holography. (a) Illustration of 

AFH-based single rotation. (b) The corresponding pressure field, interface deformation, 

and calculated and experimentally observed flow fields. Scale bars: 50 µm. (c) Two 

different pressure fields are encoded into one AFH structure for reversible rotation. With 

different frequency excitation, different rotation direction can be initiated. Scale bars: 250 

µm. 
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Figure 2.18: Particle rotation speed analysis. (a) The characterization of particle rotation 

through image processing. With image reslice of the middle line of particle, the rotation 

can be transferred to the periodic waveform (b), and then derive the RPM through Fourier 

transform (c).  

 

2.5.2 Particle concentration and separation 

Besides the single particle rotation, we were also seeking the opportunity to 

manipulate smaller particles. One demonstration we conducted is concentrating the 

particles in micro- and nanoscale in the bulk fluid to a single point. For this function, 

double-phase holography is used. The detailed calculation method is introduced in the 

previous section. Basically, both arbitrary phase and pressure distribution are encoded 

into one structure by decomposing the pressure term into the phase term. Thus, the 

calculation is transferred to double-phase holography which can modulate the phase term 

only. With this method, we were able to generate the acoustic vortex with both the vortex 

phase distribution and the vortex shaped pressure distribution (Figure 2.19). When the 
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fluid is put into the structure, a three-dimensional vortex streaming is observed in the 

bulk liquid with both horizontal and vertical streaming. The vertical circulating flow is 

generated due to the Ecakrt streaming while the angular momentum can also be 

transferred into the fluid due to the acoustic vortex. With this experiment configuration, 

two different phenomena can be observed for near field and far-field. With the image 

plane set in the near field (~5-10 λ), particles can be observed to form the vortex shape 

pattern. However, when the image plane is set to far-field (~ 40 λ), we found that instead 

of forming the pattern, particles tend to migrate to the top middle area of the bulk fluid. 

This phenomenon may be due to the increased attenuation of the acoustic wave at longer 

propagation distances, and subsequent transfer of energy and angular momentum to the 

surrounding fluid. Specifically, within the short distance, the acoustic wave can provide 

enough radiation force for the particle pattern, while for larger image plane distance, the 

acoustic wave has larger attenuation along the z-axis, and the streaming absorbed more 

energy from the acoustic waves and has a higher influence on the particle motion. With 

this effect, the acoustic streaming will bring the particles to the middle area of the liquid-

air interface and show a concentration phenomenon. In this configuration, the acoustic 

waves are more like simulating a stick stirring the liquid. Thus, in order to maintain the 

curved path of the liquid motion, a centripetal force is needed to direct particles towards 

the center. Meanwhile, the acoustic radiation force although may not be sufficiently large 

to pattern the cell, may continuously help to trap the particles near the interface. Based on 
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this mechanism, we have explored the applications using different particles. We observed 

that we are able to concentrate or form a disk-shaped pattern with the particles of different 

sizes and materials, as well as the living matter (E. coli bacteria) which has a self-

propulsive force (Figure 2.20). This result indicates the acoustofluidic holography may 

also be used for the applications such as biosensing, as well as tumor modeling, and cancer 

therapy as the cells can also be patterned into disk-like shapes and further form the 

network after the culture. In the experiment, 1.65 MHz acoustic waves were used for the 

particle concentration with a size larger than 1 µm, while 7.21 MHz was used for the sub-

micron and nanoparticles. We have also tested the cell viability to study the influence of 

the acoustic wave and hydrodynamic effect. Both the concentrated and control cells were 

tested, showing over 95% viability in the concentrated sample. This result indicates that 

AFH could be a highly biocompatible manipulation method. On the other hand, as the 

particles with different sizes may be concentrated with different frequencies or 

amplitudes, we observed that we can utilize this effect to separate/differentially 

concentrate the particles as well. When the liquid contains a mixture of particles of 

different sizes, larger particles moving along the vertical circulating streaming and are 

able to reach the interface faster. On the other hand, smaller particles may be brought back 

to the bulk fluid by the circulating streaming, preventing the vertical migration. This 

trajectory difference creates room for us to separate the particles based on sizes (Figure 

2.21 and Figure 2.22). By using different combinations of frequencies and amplitude, we 
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are able to separate the submicron particles, such as 970 nm and 530 nm, 1 µm and 3 µm, 

4.19 µm and 10 µm. With the particles labeled by different fluorescence, we can observe 

the specific fluorescence getting stronger while the other fluorescence still randomly 

distributed in the bulk fluid, which indicating the separation/differential concentration 

happened. This result shows that the AFH may potentially separate the particles based on 

the size difference or other physical properties. It also opens up the possibility of 

selectively patterning the particles in a relatively complex medium containing multiple 

components.  

 

 

Figure 2.19: The principle of the double phase holography calculation.  The desired 

acoustic field is indicated as: ▬●ȟ◐▄░ ●ꜚȟ◐, the amplitude information is transferred to: 

ἫἷἻ
▬●ȟ◐

, then phase one information and phase two information are calculated as: 

ꜚ ●ȟ◐ ꜚ●ȟ◐ ἫἷἻ
▬●ȟ◐

, ꜚ ●ȟ◐ ꜚ●ȟ◐ ἫἷἻ
▬●ȟ◐

.  
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Figure 2.20: Particle/cell concentration via acoustofluidic holography. (a) Illustration of 

the particle/cell concentration mechanism. (b) The corresponding pressure distribution, 

phase, and flow field of the designed image plane. (c) Fluorescent images showing 

particles with different physical properties and sizes can be concentrated via AFH. Insets: 

initial states of the particles before the acoustic signal is turned on (left), TEM image of the 

extracted silver nanoparticles (right). Scale bars: 100 µm for fluorescent images and 100 

nm for TEM images.  
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Figure 2.21: Particle/cell separation via acoustofluidic holography. (a) Illustration of the 

selective concentration mechanism. The acoustic radiation force and drag force will 

applied to the particles based on the size. And larger particles can be differentially 

concentrated to the middle of the interface. (b) Experimental results showing the 

separation of 970 nm and 530 nm particles. Scale bar: 100 µm. (c) Separation of 4.19 µm 

and 10 µm particles. Scale bar: 200 µm. (d) Fluorescent images at different z planes and 

fluorescent intensity distribution along the lateral axis.  
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Figure 2.22: Particle separation using acoustofluidic holography. (a) Separation of 1 µm 

particles and 3 µm particles. Before the acoustic waves are turned on, both 3 µm (blue) 

and 1 µm (red) particles are evenly distributed in the fluid (left). After the acoustic waves 

are applied, blue particles are concentrated in the middle area, while the surrounding 

fluid becomes redder due to the absence of blue particles. Scale bar: 5 mm.  

 

 

Figure 2.23: 3D flow field characterization. (a) The pressure distributions of x-y, x-z, y-z 

planes. (b) The corresponding phase distribution. (c) The calculated flow field. (d) The 

simulated 3D flow field. (e)The flow field of the x-z plane at y/2. (f) The flow field of the 

y-z plane at x/2. (g) The flow field of the x-y plane at the image plane and simulated 

particle trajectory. (h) The stacked particle trajectory and zoomed-in fluorescent particle 

trajectory showing particles moving from lower z-planes to the image plane.  
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2.6 Discussion and future work 

In this study, a multifunctional acoustofluidic holography platform is discussed. 

Different from the conventional acoustic-based particle manipulation, which utilizes the 

standing wave fields or complex configurations to manipulate objects, the AFH device 

has a relatveily small working area with confined boundary conditions, which enables the 

fluid motion coordinates with complex acoustic fields, and benefit to the particle 

manipulation in translation and rotation. (See Figure 2.23 for an example of 3D acoustic 

field and corresponding fluid motion). The combination of acoustic radiation forces by 

acoustic wave and drag forces by fluid motion provide the capability of manipulating 

particles with different material properties and sizes, thus can be applied to different 

potential applications in various fields. Furthermore, with the same configurations, 

different holography incoorperated fluid motion was explored that may trigger different 

phenomenon. These techniques include the classic phase holography, which is used for 

single pre-designed pressure or phase distribution generation, as well as multiple-

frequency holography, which is used to initate different acoustic fields with certain 

frequencies. Meanwhile, double-phase holography is introduced to modulate both the 

pressure and phase simultaneously, which could potentially bring a higher degree of 

freedom during the manipulation(M. D. Brown, 2019). Finally, binary holography is 

utilized to achieve higher frequency holography as well as high-resolution cell patterning. 

Techniques for high-resolution cell patterning typically require a high standard 



 

79 

fabrication method or complex equipment; however, the binary acoustofluidic 

holography we presented enables a high frequency wave modulation and high-resolution 

cell patterning using an easily accessible, low-cost fabrication technique (i.e., 3D printing). 

As different binary holography studies have been conducted in optics (M. D. Brown et al., 

2016, 2014), it has been previously unexplored in acoustic manipulation scenarios. One 

reason for this discrepancy is that optics can be relatively easily modulated by a 

photomask or spatial light modulator as they can provide a binarized modulation; 

however, acoustics face technical challenges specifically due to its strong transmission 

performance in different medium, thus, leading to difficulties in fabricating a binary 

amplitude kinoform for underwater acoustics. In our study, we applied a binary phase 

holography method that focuses on phase modulation and simplifies the fabrication 

method, thus, shortening the bridge between high-resolution particle manipulation and 

cost efficient devices.  

In addition to the modulation of the acoustic wave using holography technique, the 

resulting modulated fluid motion (i.e., liquid-air interface deformation and acoustic 

streaming) is equally important to the performance of AFH. For example, we have 

demonstrated that liquid-air interface deformation can benefit to the cell patterning. As 

the liquid-air interface deformation can provides a stable convex space that consist local 

trapping points where cells can be trapped. Moreover, the interface serves as a natural 

barrier that prevents the vertical migration of cells away from the patterned area while 
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the deformation provides a specific geometry that can further aggregate the particles. As 

a result, the actual cell pattern formed near the interface shows a narrower feature width 

than the designed acoustic resolution due to the small tip width of the deformation space, 

leading to a “resolution breakthrough” phenomenon. On the other hand, the interface 

deformation can also be seen as a type of low-pass filter(R. K. Mueller, 1971) that is able 

to remove noise from the acoustic field pattern, which, without filtering, typically exhibits 

roughness in its 2D projection. As such, cell patterns formed in the deformation space are 

significantly clearer in visualization compared to the acoustic field and particle patterns 

dominated by radiation forces. Furthermore, the AFH technology has advantages in its 

ability to not only pattern particles, but also rotate, concentrate, and separate particles. As 

a result, AFH can be more easily implemented as a robust experimental platform.   

For future directions, as 3D cell culture and manipulation are getting more attention, 

3D arbitrary cell pattern could a direction that possess great potential in the field of tissue 

engineering. while much progress has been made over the past decade improving the 

resolution of extrusion, inkjet, and laser-based bioprinting technologies, each of these 

approaches faces a fundamental constraint: cells are randomly distributed throughout 

printed voxels. Without a mechanism for controlling the precise position of individual 

cells within bioinks, it is difficult to achieve the necessary resolution in the spacing and/or 

alignment between cells that is critical to ensuring proper tissue functions from the 

cellular level without using micro-manufactured scaffolds. This microscale level 
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alignment is critical to the development of functional tissue constructs because 

architecture and directionality provide the basis for many key tissue functions, such as 

interwoven sheets of myocardial syncytia and collagen in a laminar architecture of the 

heart’s ventricular wall and rectilinear grids formed by brain’s cerebral fiber pathways. 

An additional challenge facing many 3D bioprinting methods that rely on cells in bioinks 

is cell sedimentation over time as a result of gravity. This can lead to non-uniform cell 

distributions and low-resolution features. One way to overcome this issue is through the 

addition of high-density solutions, such as Percoll, to achieve a state of neutral buoyancy 

between the cells and the ink; however, these solutions have been shown to influence the 

cross-linking behavior of the ink, which negatively impacts feature resolution and 

complicates the calibration of the system. The acoustic method will provide a contactless 

and biocompatible way to pattern the cells in three-dimensions, which may address the 

current problems and provide an alternative method for 3D bioprinting.  
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Chapter 3: Acoustofluidic centrifuge for nanoparticle 
enrichment and separation 

In this chapter, we describe an acoustofluidic centrifuge that leverages the acoustically-

driven droplet spinning and enables nanoparticle enrichment and separation. As an 

example of the proof-of-concept demonstration, this system was employed for DNA 

molecule concentration and exosome subpopulation separation. The methods and 

materials, including the device fabrication, sample preparation, and analysis, presented 

in this chapter sets the foundation for the following chapters. Section 3.1 outlines the 

motivation of this chapter. Section 3.2 listed the detailed device fabrication, experiment 

configuration, and sample preparation procedures. Section 3.3 explains the mechanism 

and theoretical model including the droplet spinning motion and particle motion analysis. 

Section 3.4 and 3.5 are given on the studies and applications of the single spinning droplet 

and dual spinning droplet systems. Section 3.6 gives the discussion and further studies. 

The major work presented in this chapter has been reported in Science Advances. 

3.1 Motivation 

Nanoparticle manipulation is of great importance in different biomedical and 

biochemical applications, e.g., gene/drug delivery (H. Lee et al., 2012; Y.-H. Lee & Peng, 

2005; Newman & Bettinger, 2007), precision bioassays (Sun et al., 2014; Zhu et al., 2016), 

cancer diagnosis (Fan et al., 2012; Huang & El-Sayed, 2010; Nash et al., 2012), and 

catalyzing reactions (Prieto et al., 2013; Stratakis & Garcia, 2012; Zhao et al., 2016). Thus, 

the capability of conducting concentration or separation, or achieve self-assembly of 
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nanostructures, has emerged as a prominent interdisciplinary need in various fields. 

While there is a strong desire to control nanoscale objects (smaller than 100 nm), only a 

handful of methods can achieve manipulation at this level. Conventional techniques for 

nanoparticle manipulation include ultracentrifugation (Bekdemir & Stellacci, 2016), 

nanopore filtration (S. Liu et al., 2013), dielectrophoresis (Xu et al., 2010), 

magenetopheresis (Kunze et al., 2015), optical tweezing (A. H. J. Yang et al., 2009), and 

plasmonic tweezing (Roxworthy et al., 2012). While for given applications, each method 

possess certain advantages, there are still many unsolved issues that arise during their 

routine use. For example, ultracentrifugation and filtration-based manipulation usually 

require a long process time while relatively low yields can be obtained; optical and 

plasmonic tweezers can reach an ultra-high precision, but on the other hand, the 

throughput would be restricted to manipulating a relatively small number of particles, 

thus limiting some of the practical applications. 

Acoustofluidics (i.e., the fusion of acoustics and microfluidics) based techniques, 

as an emerging platform, have advantages such as high biocompatibility, versatility, and 

simple device configuration (Ozcelik et al., 2018). Acoustofluidic methods mainly rely on 

the acoustic radiation force and acoustic streaming for particle manipulation. Both of the 

mechanisms can be useful in different applications, especially when dealing with 

microparticles (Armstrong et al., 2018; Collins, Devendran, et al., 2016; Collins, Ma, et al., 

2016; P. Li et al., 2015; Melde et al., 2016a; Patel et al., 2012). However, for nanoscale 
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objects, there is a fundamental limitation; namely, the acoustic radiation is far insufficient 

to fully control the nanoparticles (Barnkob et al., 2012; H. Li et al., 2007). One instinctive 

strategy for dealing with this issue is to find ways to increase the magnitude of the acoustic 

radiation force. Various previous studies have demonstrated that the acoustic radiation 

force can be amplified by increasing the frequency or by constructing specialized acoustic 

resonators. These methods show the capability of sub-micron particle controlling (Limaye 

et al., 1996; M. Wu, Mao, et al., 2017). Meanwhile, another strategy that is successfully 

complemented is to increase the secondary acoustic radiation force by seeding the 

relatively larger microparticles into the fluid, relying on the interactions between the 

seeding microscale particle and target particles, sub-micron scale control can also be 

achieved (Antfolk et al., 2014; Hammarström et al., 2012). However, the amplification of 

the acoustic radiation usually has a limit and would need to explore more advanced and 

elaborated fabrication procedure. Thus, besides the radiation force improvement, 

researchers have also shown that harnessing by the acoustic streaming can further 

improve the manipulation capabilities which adds another controllable force on top of the 

acoustic radiation forces (Collins et al., 2017; Mao et al., 2017). Although these 

aforementioned methods can overcome a certain degree of mismatch between 

acoustofluidic techniques and nanoscale manipulation, most methods remain focused on 

sub-micron scale (>100 nm) manipulation, and limited studies have been performed on 

acoustic-based manipulation of nanoscale (<100 nm) bioparticles.  
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Here, we present an acoustofluidic centrifuge system that leverages acoustically 

driven spinning droplets to manipulate particles with sizes down to a few nanometers. 

Various functionalities of this system are demonstrated including nanoparticle 

concentration, separation, and transport. The idea of this system was originated from the 

observation of a droplet spinning motion driven by the surface acoustic waves. And the 

motivation of this study can be divided into two parts: 1. Explore the new physics findings. 

The liquid droplet study has been utilized as the simplified physical model for numerous 

fields from the cell nucleus to stellar black holes. While several works demonstrated the 

droplet spinning using electrical, magnetic, acoustical forces, few studies are indicating 

the internal particle motion along with the spinning system. 2. Utilize this spinning 

motion for nanoparticle manipulation. The interaction between acoustics and a sessile 

droplet has been studied for a long period, most of these works mainly focused on the 

periodic liquid-air interface deformation or the micro-scale particle manipulation within 

the droplet. With the spinning motion, the size limit of the manipulated particle can be 

potentially pushed to the nano-scale, which is of great importance in various biomedical 

and biochemical applications.  

The basic system includes a pair of slanted interdigitated transducers (IDTs) and 

a circular polydimethylsiloxane (PDMS) containment ring to encapsulate a portion of the 

droplet and to define its shape (Figure 3.1). We observed an interesting physical 

phenomenon where surface acoustic waves (SAWs) can drive droplets to spin along their 
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central axis. This spinning motion initiates Stokes drift along a circular closed path that 

transfers momentum to the fluid in a manner that significantly increases the inner 

streaming velocity and shear rate within the droplet by 10 to 100 times. Particles within 

this “rotational vortex field” are identified to follow a helical trajectory and can be rapidly 

concentrated to the center of the droplet. Through numerical simulations and 

experimental investigations, we demonstrate that the liquid droplet spinning can be 

initiated with a variable sample volume (from nanoliters to microliters),  and the 

nanoparticles of various sizes (from a few nanometers to a few micrometers) can be 

influenced. Our technology, termed as “acoustofluidic centrifuge”, leverages both the 

acoustically driven droplet spinning and the internal vortex streaming, and achieves the 

manipulation of the particles with the size down to a few nanometers. Different 

biosamples are used for the demonstration of the capability, including DNA segments 

and exosome samples. The theoretical modeling and matching experimental results 

performed using this new acoustic-mediated nanoparticle manipulation platform can 

potentially simplify and accelerate various applications e.g., liquid biopsies, vesicle cargo 

loading, and transfection. 
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Figure 3.1: Operating mechanism of the acoustofluidic centrifuge platform.  (a) 

Illustration of the acoustofluidic centrifuge system. The droplet is placed on a PDMS ring 

which confines the fluid boundary and is positioned between two slanted interdigitated 

transducers (IDTs). Particles inside the spinning droplet will follow helical trajectories 

(inset) under the influence of both induced vortex streaming and the spinning motion. (b) 

A sequence of images showing the side view of a 30 µL rotating droplet. The SAW is 

activated at 0 s. The sequence shows that as the droplet starts spinning, it stretches out to 

a concave ellipsoid shape, as illustrated in (a). Yellow arrow indicates the reference 

position that rotates along with the spinning droplet.  

 

3.2 Materials and methods 

3.2.1 Device design, fabrication, and operation 

The slanted IDTs (5-nm Cr and 50-nm Au) were fabricated on a 128° Y-cut lithium 

niobite (LiNbO3) wafer (Precision Micro-Optics, USA) using standard photo lithography 
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followed by electron beam evaporation and a lift-off process. Silver epoxy (MG Chemicals, 

USA) was used to connect wires to the IDT electrodes. The microchannels were fabricated 

by standard soft-lithography and a mold-replica procedure. The PDMS rings were cut to 

the desired size from a 0.55 mm-thick PDMS film using punches (Robbins Instruments, 

USA). The PDMS parts and LiNbO3 substrate were bonded together after 3-mins of 

treatment in an oxygen plasma cleaner (Harrick Plasma, USA). Three slanted IDT 

configurations were used in our setup corresponding to different droplet volume ranges 

(~10 μL, ~1 μL, and ~100 nL). The first has an electrode finger width and spacing gap 

which decreases linearly from 140 μm to 70 μm, corresponding to SAW frequencies from 

7 MHz to 14 MHz. The second has finger widths from 75 μm to 35 μm, corresponding to 

13 MHz to 28 MHz. The third has widths from 32.5 μm to 17.5 μm, corresponding to 30 

MHz to 56 MHz. Two function generators (DG 3012C, Teletronics Technology 

Corporation, USA) and two amplifiers (25A250A, Amplifier Research, USA) were used to 

activate a pair of slanted IDTs and to generate SAWs. For the acoustofluidic centrifuge 

system with dual spinning droplets, the microchannel was designed with a width of 200 

μm and height of 100 μm(Gu et al., 2021). 

3.2.2 Droplet generation and sample preparation.  

The micro droplets were generated using a pipette and the nano droplets were 

generated using 1 μL and 0.5 μL microvolume liquid syringes (SEG, AU). 10 μm, 5 μm, 1 

μm, 970 nm, 530 nm, 100 nm, 51 nm, and 28 nm diameter polystyrene particles (Sigma-
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Aldrich, USA, Bangs Laboratories, USA) with different fluorescence tags are utilized in 

the experiments. Deoxyribonucleic acid chains from herring sperm in solution (Sigma-

Aldrich, USA) were tested after staining with SYTOX orange dye (Thermo Fisher, 

USA)(Gu et al., 2021).  

3.2.3 Small EV preparation procedure 

The exosome sample was isolated from human plasma (Zen-Bio, USA) with a 

concentration of ~106 /mL using differential ultracentrifugation. The general procedure 

is(Gu et al., 2021): 

1. Thaw plasma in a 37ºC water bath until all the crystals of ice in the tubes have 

disappeared. After thawing is complete, mix the samples by gentle vortexing for 10 

sec. 

2. Centrifuge 45 mL of plasma at 3,000 g for 10 mins at 8 ºC. 

3. Dilute cleared plasma with PBS and spin at 10,000 g for 30 min at 8 ºC. Resuspend and 

collect 10K pellet in 1.0 ml PBS per tube. 

4. Wash resuspended pellets using a 30 min spin at 10,000 g at 8ºC. 

5. Spin supernatant at 103,745 g for 4.5 h at 8ºC. Resuspend and collect 100K pellet in 0.5 

ml PBS per tube. 

6. Combine resuspended plasma 100K pellets (2ml total), add 4 ml PBS, and place on top 

of a 3-part OptiPrep cushion (2ml 50%/2ml 30%/2ml 10%). Centrifuge at 178,000 g, 2h 

at 4ºC. Collect 1ml of the 30%/10% interface (ρ=1.06-1.16 g/ml). 
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7. Dilute OP 30%/10% interface to 12 ml with PBS and spin at 120,000 g for 2 hrs at 8ºC. 

8. Resuspend pellets in 200 µl PBS and analyze using NTA for confirmation. 

3.2.4 Image acquisition and analysis.  

The microscope images and videos were acquired using an inverted microscope 

(TE2000-U, Nikon, Japan) equipped with a fast camera (Photron, Japan). The droplet 

spinning motion is captured with a frame rate of 3,000 fps and analyzed using ImageJ 

(NIH, MD, USA) and MATLAB R2016b (MathWorks, USA). The side view of the droplet 

spinning was captured using the Slow-Mo mode of a cell phone with a frame rate of 240 

fps. The post-processed exosome sample was collected and visualized using transmission 

electron microscopy (TEM, FEI Tecnai G² Twin, FEI Company, USA) and a negative 

staining method. The nanoparticle size distribution and concentration pre- and post-

processing were analyzed using the Malvern Zetasizer (Malvern Instruments, UK) and 

nanoparticle tracking analysis (NTA) with a NanoSight LM10 apparatus (Amesbury, UK).  

3.3 Theoretical model and working mechanism 

3.3.1 Droplet spinning motion 

The basic experimental configuration of the acoustofluidic centrifuge system 

consists of a pair of slanted interdigital transducer (IDTs) with a circular thin layer fluid 

container in the middle. The fluid container is made of polydimethylsiloxane (PDMS) 

which can hold the bottom part of the fluid. And the resting part of the droplet can form 

the equilibrium hemispherical shape due to the aligned boundary, surface tension, and 
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gravity. As the electrical signal is applied to the IDTs, two traveling surface acoustic waves 

will propagate from two different directions and enter the two flanks of the droplet. Then, 

the droplet will start to slightly oscillate while the vortex streaming is formed as well 

inside the drop. With the angular momentum accumulating and the surface tension tends 

to remain in balance with the centrifugal force, the droplet will enter the stable spinning 

motion (Figure 3.2). In this stable spinning motion, the droplet gradually deforms into a 

concave ellipsoid shape and the shape is maintained with a spin speed. Unlike the rigid 

body rotation, the droplet spinning appears to be a periodic rotational boundary 

deformation while a “rotational capillary wave” propagating along the free surface of the 

droplet. Compared to the equilibrium droplet shape before the spin, the spinning droplet 

appears to be stretched with a lower height and higher maximum equatorial radius. When 

observing from the top view, the 2D projection of the droplet forms a spinning, two-lobed, 

elliptical shape and the spinning speed can be obtained via microscopic image processing. 

Specifically, one line can be drawn along the radial axis in the ImageJ, and through 

recording the grayscale value of the line, we can obtain a waveform that indicates the 

fluctuation of the grayscale value. And by compiling the Fourier transform of the 

waveform, the accurate spinning speed can be obtained. Noting the frequency calculated 

from the Fourier transform corresponding to twice the actual spinning speed since the 

two lobes of the droplet will cross the detection line two times each cycle (Figure 3.3). 

With the measured spinning speed of the droplet with different radius, it is found that the 



 

92 

relationship between the spinning PRM (rotation per minute) and the droplet radius can 

fit with the classic droplet oscillation model: 

ʖ ὲὲ ρ ὲ ρ ὲ ς
„

ὶ ὲ ρ” ὲ”
σȢρ 

where Î is the spherical harmonic degree which corresponds to the lobe number during 

the spin, Ò is the droplet’s radius (e.g., the radius of the spherical cap), ʎ is the surface 

tension, and ”  and ”  are the density of the liquid and air, respectively. While this 

equation was originally derived for free oscillation of a spherical droplet whose shape is 

repeatedly stretch and contract without spinning, this fitting may result from the 

similarity between the droplet spinning and standard oscillatory motion: droplet is forced 

from its equilibrium state and confined mainly by the surface tension for both cases. It is 

also worth noting that for droplet spinning, part of the droplet stays in the fluid container. 

Thus, the radius of the droplet can be calculated using the equation:  

ὠ “ὥὬ
“

σ
ὶ ὶ ὥ σὶ ὶ ὶ ὥ σȢς 

Where ὠ, ὥ, and Ὤ represent the total volume of the droplet, the radius of the PDMS ring, 

and the height of the PDMS ring, respectively. 
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Figure 3.2: Schematic showing the si de view of the droplet spinning motion. (a) The 

droplet stays in its original equilibrium shape when the acoustic is off. (b) When the 

surface acoustic wave is on, the droplet starts to spin and form the ellipsoid cap like shape.  

 

 

Figure 3.3: Characterization of droplet spin and particle movement in the acoustofluidic 

centrifuge device. (a) A sequence of images showing the top view of a spinning droplet 

under a microscope. Yellow arrow indicates a point that spin along the droplet. (b) 

Corresponding time sequence of stacked images along the line a-a’ which shows the 

periodic grayvalue change of the ellipsoid droplet. (c) The instantaneous velocity at a 

point on the spinning droplet can be extracted from this normalized fit of the distance 

change versus time (b). (d) Theoretical and experimental droplet rotation speed (rotations 

per minute, RPM) versus the change in droplet radius. The volume (V) of the droplet 

refers to the volume above the PDMS ring. 
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Meanwhile, we have also studied the potential factors that may influence the droplet spin 

motion. The first factor is the acoustic frequency, we applied different frequencies from 

7.5 MHz to 11 MHz to drive the spin of a 30 µL droplet (Figure 3.4). The results showed 

that the spin motion can be excited over a wide range of frequencies if the wave can enter 

the droplet from two directions that have a shift distance with the droplet center axis. And 

the spin speed (RPM) response is merely influenced by the acoustic frequency. The 

observation is reasonable, as from the equation of the droplet oscillation, the spin speed 

is mainly determined by the properties of the droplet (e.g., radius, surface tension). On 

the other hand, the acoustic power will not influence the spin speed either while the shape 

of the droplet will be influenced (Figure 3.5). With the increased acoustic power, the 

droplet will firstly maintain its equilibrium shape and then gradually deforms to the 

concave ellipsoid shape. While the power further increasing, the droplet will be further 

stretched and tend to have a larger difference between the major and minor axis. It is also 

observed that for larger droplet volume, higher-order spin mode may appear during the 

rotation (Figure 3.6). During the experiment, four- and six-lobed shape droplets are 

observed during the spinning, while when the power increased, the shape will finally be 

reverted to two-lobed shapes. The outline of the four spin modes (i.e., 1, 2, 4, 6 lobed) can 

fit the theoretical model given by: 

ÒʒȟÔ Áρ ʀÔÃÏÓÌʒ ʒ  σȢσ 
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where ʀÔ ʀÃÏÓ ‫ὸ, and Á is the equatorial radius of the droplet at its initial 

equilibrium state, ʀÔ and ʀ are the transient deviation amplitude and its oscillation 

amplitude, respectively.  

 

 

Figure 3.4: The influence of the ac oustic frequency on the droplet spin speed in an 

acoustofluidic centrifuge.  (a) The top view of the rotating droplet captured under a 

microscope. (b) Schematic of the experiment setup, where the slanted IDTs were excited 

with different frequencies corresponding to different spatial locations along the width of 

the black frame. (c) From top to bottom: the extracted waveform; the wavelet transforms 

of the waveform; the enlarged slanted IDT area; and, a plot of the excitation frequency 

versus time. The results show that frequency tuning has little influence on the droplet spin 

speed, except when the acoustic wave propagates into the droplet along the central area 

of the droplet. When the SAW enters the center of the droplet, very little rotation was 

observed due to a lack of rotational inertia being imparted into the flanks of the droplet.  
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Figure 3.5: The influence of the acoustic power on droplet spin in an acoustofluidic 

centrifuge. The frequency is set to be 11 MHz, the excitation Vpp is tuned from 0 V to 40 

V. (a) The waveform extracted from the spinning droplet. (b) The wavelet transforms with 

respect to changes in time. (c) Plot showing how the input voltage was varied as a function 

of time. At different voltages, the droplet starts to rotate from its equilibrium state and 

forms multiple lobes. As the voltage increased, both the acoustic radiation pressure and 

the centrifugal force increases, and the droplet gradually becomes a 2 lobed shape while 

maintaining its spin. Although there is a gradual shape change as the droplet starts to 

spin, the rotational velocity remains constant.  
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Figure 3.6: Photos (left) and outline comparisons (right) between the droplet (blue 

circle) and a fitted line (red line) for different droplet spin modes in an acoustofluidic 

centrifuge. (a) The initial equilibrium shape, (b) 2-lobed shape, (c) 4-lobed shape, and (d) 

6-lobed shape, respectively. Red lines show the theoretically calculated outline, and blue 

circles indicate the experimental results extracted via image processing.  

 

Besides the proposed setup in the publication, we have also tested the influence of the 

material of the fluid container (Figure 3.7). We used the SU-8 to change the original PDMS 

ring and tested the spinning motion. It is observed that since the SU-8 is more hydrophilic 

than PDMS, the droplet shape when putting into the container is actually slightly 

changed. The boundary is self-aligned with the SU-8 ring outer boundary which causes 

the contact angle larger than the contact angle when the droplet directly contacting the 

SU-8 layer. Due to the gravity, the droplet shape will be also slightly different from the 

spherical shape and tending to be flatter. For this case, when fitting with the spinning 
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PRM with the theoretical oscillation frequency, the radius that being put into the equation 

can be estimated from the fitting of the droplet top curve.  And as measured, the contact 

angle is positive correlated with the droplet volume while the slop is gradually decreasing 

due to gravity. Meanwhile, we have also measured the deformation ratio by calculating 

the ratio between the maximum axis length and the radius of the equilibrium shape 

(Figure 3.8). With the experiment, it is found that although the deformation ratio will 

increase along with the input voltage, the increment will gradually decrease. This fits to 

the intuitive that the deformation extent of a single droplet has a limit and is confined by 

the surface tension. Another parameter we have explored is the droplet radius. Basically, 

we put the droplet with different volumes into the same ring, with higher volume, the 

fitted radius of the droplet will also be larger. And we have measured the deformation 

ratio along with the droplet radius. It is identified that with a larger droplet radius, the 

deformation will decrease with an approximate exponential curve.  Since the bottom ring 

has the same size, the surface acoustic wave attenuation on the substrate will be the same. 

However, the streaming velocity with the same input voltage will be different for different 

droplet volumes. This result may indicate the spinning motion and the deformation ratio 

are tightly connected with the internal streaming velocity. 
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Figure 3.7: The droplet contact angle and spin ning speed with a SU -8 ring as the 

container. (a) The schematic of the boundary-aligned droplet. The contact angle is 

between the angle for the SU-8 material and the angle for SU-8 plus ninety degrees. (b) 

Photos showing the droplet contact angle estimation based on the curve of the outline for 

two different volumes. (c) The relationship between the estimated contact angle and the 

droplet volume. (d) The comparison between the measured spinning speed and 

theoretical speed with the estimated radius.  



 

100 

 

Figure 3.8: The droplet deformation ratio characterization . (a) The deformation ratio for 

different droplet radius. Inset: With the same radius, the relationship between 

deformation ratio and the input acoustic voltage. (b) The continuous deformation ratio 

and averaged particle velocity variation when an amplitude modulated signal serves as 

an input.  

 

3.3.2 Particle motion in the spinning system 

Various studies have shown that microparticles can be concentrated or separated 

based on the size in a SAW driven vortex streaming inside a droplet. Particles inside this 
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vortex streaming suffer from the drag force, acoustic radiation force, and shear-induced 

migration. Within an acoustic driven non-spinning droplet, particles follow the vortex 

shape trajectory due to the combined force (Figure 3.9 and Figure 3.10). While we have a 

similar experimental configuration, the droplet spinning in fact adds another factor that 

can influence the particle motion inside the drop. Unlike the curvilinear particle path, 

particles in the spinning droplet not only move along the vortex-shape streamline but also 

move along a small circle during the path, which in other words, follow a helical trajectory 

(Figure 3.11). This is similar to the Stokes drift effect while the difference from the common 

case is it is rotating. The spinning motion in fact causes the water wave at the liquid-air 

interface to propagate along the circular path and results in this rotating Stokes drift. This 

phenomenon also proves our aforementioned assumption: the spinning of the droplet is 

different from the rigid body spin, it is more like a continuous interface deformation and 

the droplet shape is continuously compressing and stretching along a circular path. We 

used the 1 µm particle to monitor the particle trajectory and analysis the flow field in a 

spinning frame. By using a fast camera and by analyzing the videos through particle 

tracking velocimetry, we can detect the helical-shaped trajectory while the particles 

generally travel along a larger vortex path with various small circular movements along 

the path (Figure 3.12). For 1 μm particle, they finally will be concentrated to the middle 

area of the droplet. It is also worth noting that the appearance frequency of the small 
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circular motion can fit the frequency of the bulk droplet spin, which in other words, one 

local small rotation corresponds to one large spin cycle of the droplet.  

 

 

Figure 3.9: Microparticle trajectory inside a spinning droplet. (a) Theoretically 

calculated and (b) experimentally observed particle trajectories showing the dual rotation 

modes; particles trace a helical path as they approach the center of the droplet while also 

rotating around their local axes. Scale bar: 500 µm.  

 

In the process of the exploration, before we have done any nanoparticles, we firstly 

tested the microparticles. It was found that the microparticles will be concentrated to the 

middle with an ultrafast speed and the concentration process can barely be observed 

using the common camera (Figure 3.13). Thus, we utilized the fast camera to capture the 

concentration process and characterized the velocity of the microparticle. It is found that 

the particle velocity can reach a very high value. For example, we tested the 10 µm particle 

within the 20 µL droplet that corresponding to a droplet radius of 2.39 mm and 2741°24 
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rpm spinning speed. The concentration time was observed to be ~0.12 seconds. This 

number is ~10 to 100 times faster than previously demonstrated acoustic particle 

concentration devices. There are two potential reasons for this speed improvement. 1. The 

input acoustic power. While for the classic sessile droplet system, if larger acoustic power 

is applied, the droplet will move on the substrate and break the original shape. In the 

spinning droplet system, the bottom of the droplet is covered by the PDMS ring, and the 

boundary is aligned with the ring boundary. This boundary alignment provides a larger 

contact angle and a better fix of the droplet position. Thus, larger acoustic power can be 

input, and stronger acoustic streaming can be generated. 2. The droplet spinning motion. 

The spinning can generate multiple effects for the particles inside. For example, during 

the spinning motion, the angular momentum may be transferred to the fluid and cause 

stronger streaming velocity. And this continuous interface deformation can generate a 

higher shear rate and secondary flow effect. During the experiment, we measured the 

velocity of 1 µm polystyrene particles using digital particle image velocimetry. When the 

acoustic power is on and gradually increases, the droplet at the beginning struggles to 

spin under the 15 Vpp (peak-to-peak voltage) excitation and the average particle velocity 

is measured around 15 mm/s. As the input power increasing, the droplet started to enter 

the stable spin mode and the acoustic streaming also becomes stronger. It can be observed 

that the particle velocity has a notable jump with an 18 Vpp excitation voltage which 

serves as the approximate voltage when the droplet fully enters the spin mode. As the 
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input voltage is increased to ~40 Vpp, the average particle velocity can reach nearly ~100 

mm/s. This velocity is referred to the world coordinate system. While it is difficult to 

directly compare the particle velocity under the same input voltage between with and 

without the spin motion, we used the simulation to better understand the relationship of 

the input voltage and particle velocity for non-spin droplets. As shown in Figure 3.10, 

when the input voltage is restively low, the particle velocity difference between the spin 

(experimental results) and non-spin (simulation results) is very minor. However, when 

the higher voltage is applied, the velocity difference becomes significant and can reach 

~80 mm/s. This result indicates the spin will have a positive effect on the streaming and 

particle velocity.  

 

 

Figure 3.10: Characterization of the internal streaming and shear rate. (a) The streaming 

velocity with (experimental result) and without (simulation result) droplet spinning. (b) 

The plot of the calculated average shear rate inside the droplet versus speed. The shear 

rate increases with a higher spinning speed and rises to several times higher than the shear 

rate when there is no rotating droplet (streaming only).  
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Figure 3.11: Experimentally observed particle trajectories within the dr oplet in an 

acoustofluidic centrifuge. Particle trajectories (a) without rotational motion of the droplet 

where particle motion is due to a small input voltage, and (b) within a stable spinning 

droplet.  
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Figure 3.12: Particle trajectory changing with the input voltage increasing. (a) Particle 

trajectory under different input voltages, with the droplet starts to spin, the particle 

gradually forms the helical trajectory. (b) Zoomed-in image of the trajectory. (c) Following 

the helical trajectory, the small circle dimension characterization along with the radial 

position of the particle.  

 

On the other hand, we found that the particles with a wide range of size from 

micrometer to nanometer can be concentrated to the middle. There are several potential 

reasons for this concentration. First, the acoustic radiation force and the shear-induced 

immigration can provide a portion of the radial force that can push the particles to the 

middle, and these forces mainly will work for the microscale particles as the magnitude 
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of the force is comparable to the drag force. It is found that the shear rate inside the 

spinning droplet can reach a much higher value than the non-spin droplet with pure 

vortex streaming inside. And the distribution of the high shear rate covers a larger portion 

of the droplet during the spinning, which may guide the microparticles distributed in the 

droplet towards the center. Meanwhile, for the nanoscale particles, the acoustic radiation 

will be far insufficient to directly push the nanoparticle to the center and the shear-

induced migration will barely influence the particle motion either. Here the acoustic 

waves have the function more towards guiding the vortex streaming and drive the 

spinning motion of the droplet instead of providing radiation force directly on the 

nanoparticle. Through the simulation, the potential reason for the nanoparticle 

concentration will be the spinning and vortex streaming induced secondary flow that can 

lead to the radial movement of the nanoparticles. As the essence of the droplet spinning 

is the periodic liquid-air interface deformation along the radial axis, this continuous 

boundary deformation can consistently push the particle into the inner orbit of the vortex 

streaming and further propel the particle to the middle area. Although the particle 

displacement has a small oscillation along the radial direction due to the consistent 

compress and stretch of the droplet, the overall impact can lead to the inward movement 

of the particle. With this inward pushing effect accumulating, nanoparticles can be 

concentrated to the center of the droplet. In order to validate this effect, we performed the 

numerical simulation in a rectangular area whose boundary possesses a similar oscillation 
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to the droplet spinning (Figure 3.14). Through the particle tracing, the simulation results 

indicate the particles can be focused to the middle area purely based on the boundary 

oscillation induced flow. This potentially explains the reason for the nanoparticle 

concentration. As this effect is difficult to be directly characterized, we assume this 

secondary flow effect may also be one of the main reasons for the microscale particles.   

 

 

Figure 3.13: Particle motion comparison between non -spinning and spinning droplets. 

(a, b) Simulated particle trajectory (a) without and (b) with droplet spin. Particle trajectory 

shows stronger motion towards the droplet center when spinning. (c, d) Experimental 

particle trajectory (top) and status at 1 second (bottom) for the (c) without and (d) with 

droplet spinning conditions. Since droplet spin motion is driven by acoustic power, slight 

power differences are used for without (~5 Vpp) and with (~8 Vpp) droplet spin. 
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Figure 3.14: Simulation result showing the particle concentration due to the droplet 

spin and periodic boundary deformation. (a) Schematic of the droplet deformation 

during spin motion. (b) Boundary condition used for the simplified model simulation. A 

fluid region in the droplet is simulated with a velocity profile added to two sides of the 

region (i.e., “velocity” boundary condition). On both sides, the normal outflow velocity is 

set to be periodic (i.e., ═╬▫▼Ⱬ█◄, where ═ is the velocity amplitude of the periodic 

deformation, █ is the spin frequency which is the half of the deformation cycle along the 

radial direction) and inverted in order to simulate the flow field during the continuous 

compression and stretching. The other two sides are set as the “no pressure” boundary 

conditions. (c) The particle motion under different time frames; with certain spinning 

cycles, the particles will be focused to the middle of the droplet. (d) Particle position along 

the x-axis (aligned with the velocity direction) changes as the time varies. With a small 

displacement vibration, particles are gradually concentrated to the middle region.  
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More specifically, for the flow field characterization and particle movement, we 

have conducted various numerical simulations to explore the underlying mechanism. As 

the acoustic wave propagates into the droplet from its two flanks, bulk acoustic streaming 

is generated because of the closed volume of the droplet. Acoustic streaming is the time-

averaged steady flow that is created as a result of Reynolds stress, where a gradient in the 

momentum flux forces fluids to flow in association with dissipation of acoustic energy 

flux. As the droplet spins, a single streaming vortex can be formed inside the droplet. The 

particle trajectory can be calculated via integration of the velocity, which combines the 

vortex streaming field and droplet spinning motion: 

Ø Ö Ö Ὠὸ σȢτὥ 
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And we can derive the droplet spinning velocity by: 

Ö ʒȟÔ
‬ὶ•ȟὸ

‬ὸ
Áρ ʀÓÉÎ‫ὸÃÏÓÌʒ ʒ σȢυὥ 

Ö ʒȟÔ ‫ÒʒȟÔ σȢυὦ 

The FEM-based software package, COMSOL Multiphysics 5.4 (the COMSOL group) can 

also be utilized to calculate the particle trajectory. 

We will first discuss acoustic streaming, and introduce how the acoustic streaming and 

spinning motion influence the particle trajectory and the particle force analysis.  
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The internal acoustic streaming in the droplet confined by a PDMS ring is 

governed by equations (Alghane et al., 2010; Lighthill, 1978) 

” Ͻɳ○ π σȢφ 

” ○Ͻɳ ○ ὴɳ ‘ɳ ○ ‘
ρ

σ
‘ᶯ Ͻɳ○ ╕ σȢχ 

where the variables ○ and ὴ are the streaming velocity and pressure in the liquid, and the 

parameters ” , ‘, and ‘  are the liquid density, shear viscosity, and bulk viscosity, 

respectively. The acoustic streaming is activated by a body force ╕ induced by leaky SAW 

propagation which is relative to the acoustic particle velocity (○) following (Alghane et 

al., 2010; Lighthill, 1978) 
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‬ὼ

‬ὺύ
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‬ύύ

‬ᾀ
σȢψὧ 

The leaky SAW velocity of waves propagating in +y direction can be expressed 

by(Alghane et al., 2011) 

ό π σȢωὥ 

ὺ Ὥ‫ὃ Ὡ Ὡ Ὡ σȢωὦ 

ύ Ὥ‫Ὥ‌ὃὩ Ὡ Ὡ σȢωὧ 



 

112 

where ὃ  is the amplitude of substrate vibration, Ὧ is the wave number of the 

leaky SAW, and ‌ is the attenuation coefficient, respectively. By substituting Eqs. (3.9) 

into Eqs. (3.8), the streaming force can be express by 

Ὂ π σȢρπὥ 

Ὂ ρ ‌ ὃ ‫ὯὩ σȢρπὦ 

Ὂ ρ ‌ ὃ ‫Ὧ‌Ὡ σȢρπὧ 

in which ‌ Ὥ‌. 

The FEM-based software package, COMSOL Multiphysics 5.4 (the COMSOL 

group), was employed to numerically solve Eqs. (3.6) and (3.7) which govern the acoustic 

streaming in the droplet. A predefined “laminar flow” interface was used to solve the 

equations. The body force in Eqs. (3.10) was applied by adding a “volume force” 

condition. The boundary conditions on the water-solid interfaces were set to “no slip” 

(◊ ), which confines the velocity on the PDMS wall and substrate to be zero. And the 

boundary condition on the droplet-air interface was set to “slip” (◊Ͻ▪ π; ╚▪

╚▪Ͻ▪▪ ȟ  where ╚▪ ‘ ○ɳ ○ɳ ▪), which prescribes a no-penetration condition 

and assumes no viscous effects at the slip wall (COMSOL, 2018). The physics was solved 

via the COMSOL “stationary” solver. The value of some key parameters for the simulation 

are listed below. 
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Table 3.1: Detailed  parameters for numerical simulations.  

Parameter Symbol  Value  

Density of the liquid ” 997 kg/m3 

Shear viscosity of the 

liquid 

‘ 1×10-3 Pa·s 

Amplitude of substrate 

vibration 

ὃ  1.5 nm 

Frequency of the SAW 

beams 

Ὢ 13 MHz, 21.7 

MHz Major semiaxis of the 

elliptical droplet domain 

Ὑ  1.5 mm 

Minor semiaxis of the 

elliptical droplet domain 

Ὑ  1.2 mm 

Radius of the circular 

droplet domain 

Ὑ 1.29 mm 

Rotational velocity of the 

droplet (revolution per second) 

Ὢ 0-55 1/s 

Density of the PS particles ” 1050 kg/m3 

Diameter of the PS 

particles 

Ὠ  28 nm, 100 

nm, 1 µm Amplitude of the radial 

force 

Ὂ  0-1×10-10 N 

 

For particle trajectory, 2D numerical models were solved using COMSOL 

Multiphysics 5.4(COMSOL, 2018)  to investigate the flow field and particle movement on 

a horizontal cross-section (xy-plane) of the spinning droplet in an acoustofluidic 

centrifuge and to examine how the phenomenon responds to changes in parameters of 

interest (e.g., spin velocity, streaming velocity, shear rate, and particle size). The 

simulation domain was set to a quasi- ellipse with major semiaxis of Ὑ  and minor 

semiaxis of Ὑ for droplets with deformation, or a circle with radius of Ὑ for droplets 

without deformation. The center of the domain was placed at spatial point (0, 0).  
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A predefined “Laminar Flow” interface was applied to the solution domain to 

solve the flow field in the domain governed by Eqs. (3.6) and (3.7). The “slip” (◊Ͻ▪ π) 

boundary, which confines the normal component of the velocity on the boundary to be 

zero, was applied to the profile of the quasi-ellipse (droplet-air interface). A “Volume 

Force” condition was added to apply the streaming force generated by two leaky SAW 

beams propagating in the +y and -y direction into the two flanks of the droplet.  The 

streaming force follows the expression in Eq. (3.11a) and Eq. (3.11b) for +y and -y SAW 

propagation, respectively: 

Ὂ ρ ‌ ὃ ‫ὯὩ σȢρρὥ 

Ὂ ρ ‌ ὃ ‫ὯὩ σȢρρὦ 

where ὃ  is the amplitude of substrate vibration, Ὧ is the wave number of the 

leaky SAW, and ‌ is the attenuation coefficient, respectively. The spin motion of the 

droplet was modeled by applying a “Rotating Domain” condition (under “Moving Mesh” 

interface). The simulation domain was defined to rotate at a constant speed of Ὢ  

revolutions per second. The value of Ὢ was set within the range of 0-55 according to the 

experimentally measured value in every single case. The “Laminar Flow” and the 

“Rotating Domain” interfaces were solved together in the time domain to simulate the 

flow field induced by leaky-SAWs propagation and spin of the droplet. 

A “particle tracing for fluid flow” interface was applied to follow particle motion 

in the spinning droplet under the forces that might arise. The density and diameter of the 
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particles were set in the “Particle properties” condition. The density of the PS particles 

was set to 1,050 kg/m3 and the diameter of the particles was set to either 28 nm, 100 nm, 

or 1 μm. The particles were released either randomly using a “Release” condition with 

setting the number of particles, or regularly using a “Release from Grid” condition with 

defining the initial coordinates of the particles. The velocity of the particles (○) induced 

by external forces (╕◄) was governed by the equation 
○

╕◄. The forces were applied 

to the particles suspended in the fluid domain. In this case, we mainly considered two 

external forces, which are the acoustic radiation force and secondary-flow drag force. A 

“Drag Force” condition was added to apply the component of drag force induced by the 

flow velocity induced by leaky-SAW propagation and spin of the droplet (◊). Since the 

acoustic radiation force and another component of drag force induced by droplet 

compression and expansion directed towards the center of the domain, a “Force” 

condition was applied to represent the combined effect of these radial force components. 

The value of this radial force was adjusted in the range from 0 N to 10-10 N for different 

cases. These physical systems were solved using a time-dependent solver simultaneously 

with a step of 0.0001 s for 1 µm particles, and 0.000005 s for 28 nm and 100 nm particles. 

The detailed parameters used in the simulation are listed in Table 3.1. 

While for nanoparticles in the spinning droplet system, the dominant force will be 

the drag force as the flow velocity is large. The common Stokes drag force & φʌ–ὶὺ is 

applicable for fluids with relatively low Reynolds numbers (2Å ρ) (Karimi & Akdogan, 
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2012). In a single-droplet acoustofluidic centrifuge system, the fluid velocity is relatively 

large (in a rotating 30 μL droplet, the typical flow velocity is 40-80 mm/s), which yields a 

Reynolds number of 2Å ”ὺὒȾ‘ ρ (in a 30 μL droplet, 2Å is about 40, the maximum 

2Å used in the experiments was ~135), where ”, ὺ, ὒ, and ‘ are density of the fluid, flow 

velocity relative to the particle, characteristic linear dimension (droplet dimension), and 

dynamic viscosity, respectively. 

Thus, we calculated the hydrodynamic force using the Schiller-Naumann model 

(Karimi & Akdogan, 2012; Yilmaz & Gundogdu, 2009), which is applicable when 2Å ρ: 

Ὂ
σ‘ὅὙὩά

τ”Ὠ
ὺ σȢρς 

where # ρ πȢρυὙὩȢ , ὙὩ
ȿȿ

, and ” , Ὠ , ά  are density, 

diameter, and mass of the particle, respectively. 
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Table 3.2: Force characterization for particle motion in a spinning droplet.  

Force 

Force 

magnitude 

(N)* 

Force 

direction 

Formula(Gor’kov, n.d.; 

Karimi & Akdogan, 2012; 

Martel & Toner, 2014; 

Yilmaz & Gundogdu, 

2009) 

Drag force (vortex 

streaming) 
~0-10-10 Tangential ╕

σ‘ὅὙὩά

τ”Ὠ
○╣ 

Secondary-flow drag 

force (droplet 

deformation) 

~0-10-11 Radial 

╕
σ‘ὅὙὩά

τ”Ὠ
○  

○
▀╡

▀ὸ
 

╡ Ὑ Ὑ ÓÉÎς“ςὪ ὸ Ὑ  

Pressure gradient force 

(tangential) 
~0-10-17 Tangential 

╕
ρ

φ
“Ὠ”

Ὀ◊╣
Ὀὸ

 

Pressure gradient force 

(radial) 
~0-10-17 Radial 

╕
ρ

φ
“Ὠ”

Ὀ◊╡
Ὀὸ

 

Acoustic radiation 

force 
~0-10-15 Partially radial ╕ ᶯὠ

Ὢ

ς”ὧ
ὴ

σ”Ὢ

τ
○Ͻ○  

* The forces are calculated for 100 nm particle in a 10 µL droplet (1.29 mm radius and 55 fps spin speed). Acoustic radiation force is calculated 

with 21.7 MHz, 300-800 kPa pressure amplitude. 

 

3.4 Single droplet spinning 

As the aforementioned mechanism, due to the spinning induced secondary flow, 

a radial drag force component can gradually push the nanoparticles to the middle. During 

the experiment, we tested different polystyrene nanoparticle sizes and tried to explore the 

size limit for the concentration, e.g., 970 nm, 530 nm, 100 nm, 51 nm, and 28 nm. We found 

that with a different combination of the spinning speed and the acoustic voltage, these 
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nanoparticles can be concentrated in a relatively short period (Figure 3.15). This rapid 

concentration capability can lead to various biomedical applications, for example, 

fluorescence-based biospecimen detection. We further tested the DNA molecules in the 

spinning droplet system. We mixed the DNA with a fluorescent dye SYTOX that can 

enhance the fluorescence more than 500 fold when intercalated with the DNA. We 

prepared the sample with the DNA and SYTOX mixed and put it into the system. As the 

intercalation happens, the sample can initially express weak evenly distributed 

fluorescence in the droplet. After the concentration, we can observe a very obvious 

fluorescent signal in the middle of the droplet and gradually getting stronger as the 

spinning continuous (Figure 3.16). This result shows the potential of using the 

acoustofluidic centrifuge system to amplify the fluorescent signal detection for 

biosamples.      
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Figure 3.15: Rapid nanoparticle enrichment via  acoustofluidic centrifuge . (a) 

Numerically simulated particle trajectory within a spinning droplet before acoustic is on 

(left) and off (right). (b) Fluorescent images of the 28 nm particle before (left) and after 

(right) the acoustic field is turned on. Scale bar: 50 µm.  

 

In addition, as the experimental parameters for concentrating nanoparticles with 

different sizes vary, we are able to utilize this property to differentially concentrate the 

particles. Specifically, if a droplet containing nanoparticles of different sizes, we can 

selectively concentrate the nanoparticles with a relatively larger size. This is result from 

the interplay of the acoustic parameters (e.g., acoustic frequency, amplitude), and droplet 

spinning speed or radius. Although the nanoparticles may eventually be concentrated to 

the middle, the time scale and the migration velocity for the concentration will be 

different. This may result from the different forces that particles suffered in the spinning 
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droplet. Larger nanoparticles will experience larger acoustic radiation force (neglectable, 

to some extent), larger drag force, and weaker Brownian motion. For drag force 

specifically, it dominants the particle motion, and the nanoparticle inside a spinning 

droplet with vortex streaming, the particle velocity will eventually be accelerated to be 

the same with the flow velocity, and the larger particle will thus suffer from larger drag 

force. On the other hand, the secondary flow induced radial force has a similar effect on 

the particle: force is positive correlated with the particle size. We conducted the 

experiment and tried to validate this assumption.  We prepared the sample with 100 nm 

and 28 nm particles mixed and put a 10 µL drop of the sample into the system. The droplet 

has a radius of 1.29 mm and a spinning speed of 3313°35, and the 100 nm particle was 

labeled as red fluorescent while 28 nm particle was labeled as green fluorescent. While the 

acoustic is on and the droplet starts to spin, we can observe the red fluorescence start to 

getting stronger in the middle which indicates the 100 nm nanoparticles are concentrated. 

On the other hand, the green fluorescence is still randomly distributed throughout the 

droplet (Figure 3.17). These results show the potential of the single droplet spinning 

system can perform rapid nanoparticle enrichment as well as the differential 

concentration when multiple sizes are involved. This may be utilized for biosample 

detection or specific components detection in a relatively more complex sample 

environment.  
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Figure 3.16: Demonstration of the DNA mo lecules concentration for fluorescence signal 

amplification.  (a) Flow chart showing the process of DNA enrichment and fluorescent 

signal enhancement in a spinning droplet. (b) Plot of the measured DNA fluorescence 

intensity versus time in the spinning droplet. Insets: fluorescent images before and after 

signal enhancement. Scale bar: 50 µm. 
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Figure 3.17: Differential nanoparticle concentration via  acoustofluidic centrifuge. (a) 

Numerical simulation results showing the difference in nanoparticle trajectories for 

particles with sizes of 100 nm (Red) and 28 nm (Blue). (c) Microscope images showing the 

experimental result of the differentially concentration of 100 nm and 28 nm particles. Scale 

bar: 100 µm. (d) Fluorescent intensity along the axis of the droplet showing the 

concentration effect on the 100 nm particles.  

 

3.5 Dual droplet spinning 

The single spinning droplet may be utilized for the applications that are more 

toward the detection. In a single droplet, although nanoparticles with different sizes can 
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be differentially concentrated to the middle and create the spatial separation effect, the 

retrieval of the subsets of the nanoparticle sample will be difficult. For the applications 

that need to further conduct downstream analysis, with a single droplet acoustofluidic 

centrifuge system, it will unavoidably affect the purity of the targeted nanoparticle during 

the collection step. Thus, we had the motivation to further improve or develop the 

platform that can have an easier step for sample collection after the separation. In order 

to address this problem, the first instinct we had is trying to connect two droplets, so that 

we may separate and transfer the separated particles from one droplet to another. Thus, 

we have started to consider building a passage between two droplets (Figure 3.18). After 

the testing of different configurations, we developed a dual-droplet based acoustofluidic 

centrifuge system. In the system, two individual droplet units can be driven by acoustic 

waves. Here the benefit of the slanted IDTs becomes more significant: we can excite the 

IDT with multiple frequencies that spatially localized at different locations so that we can 

drive the droplet motion at the same time in a controllable manner. The two droplet units 

are connected with a microchannel in the middle that has sufficient length to avoid the 

droplet interaction after the spinning. By exciting the surface acoustic waves with four 

different frequencies, we can have two pairs of the beam that propagating along with 

opposite directions and drive the spinning of the droplet. These four acoustic beams can 

be excited with a pair of slanted IDTs with a frequency shift keying function. Basically, 

we utilized two function generators and amplifiers, and each pair of the equipment taking 
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charge of one slanted IDT. The frequencies were chosen as the spatial location of the beam 

entering the droplet can have a shift away from the center axis of the droplet. And two 

frequencies were shifting back and forth to provide the excitation of the droplet motion. 

One key part of this configuration is that the fluid motion (i.e., spin and vortex streaming) 

has a relaxation time to the response of the acoustic excitation. In another word, as long 

as the shifting frequency is high enough, this frequency shifting will not break the 

spinning and vortex streaming generation. We chose 100 kHz as the shifting frequency, 

which corresponding to a 10 µs time frame for each excitation period. And for the 

demonstration of the capability of the dual droplet acoustofluidic centrifuge system, we 

used two droplets with different volume (4 µL and 5 µL) that corresponds to the spinning 

speed of 6867 ± 160 and 5674 ± 98 rpm, respectively. When the acoustic is on, two droplets 

will spin at the same time but at a different speed. The particle samples with a mixture of 

different sizes are initially put as the right droplet which has a slower spinning speed. 

And the left droplet is a blank droplet with solely PBS. After the acoustic waves are turned 

on, similar to the single droplet system, particles with a larger size will be concentrated to 

the middle of the droplet and the smaller particle will stay randomly distributed. Then as 

the spinning velocity of the left and right droplets are different, we predict the fluid 

portion in the microchannel actually will have different pressure on each side. Thus, there 

will be an extra spinning velocity difference induced force that can lead the particles from 

the high spin velocity region towards the low spin velocity region in addition to the 
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convective flow. This mechanism can lead the smaller particle in the right droplet to be 

transported to the left droplet since the larger particles have been concentrated to the 

middle area where the force is neglectable and will not influence the motion. Additionally, 

it seems the acoustic radiation force and induced streaming near the entrance of the 

droplet can provide the assistant for particles to walk into the microchannel towards the 

left droplet. From the experiment, we can observe the two acoustic beams which is used 

to drive the right droplet spin can to some extent accelerate the particles and push them 

into the channel. Meanwhile, the acoustic waves that for the left droplet enter the left 

droplet from the path that is closer to the middle of the drop further accelerates the 

particles in the channel. We prepared the polystyrene nanoparticle sample with a mixture 

of 100 nm and 28 nm and tested using the dual droplet acoustofluidic centrifuge system. 

For each size of the particle, we have different fluorescent labels (100 nm: red fluorescent, 

28 nm: green fluorescent) so that we can better observe the concentration, separation, and 

transport process. During the testing, we can observe the red fluorescent becomes 

stronger in the middle of the right droplet which indicates the concentration of the larger 

particles. And we can also observe the green fluorescence passing the microchannel and 

transport from the right droplet to the left (Figure 3.19). One interesting find is that when 

the smaller particles passed the channel and enter the left droplet, they can be further 

concentrated to some extent. While with the single droplet system, when two sizes of the 

particles in the same droplet, we can barely see the concentration of the smaller particle. 
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This may result from the fact that when the larger particles are firstly concentrated, they 

will form a large cluster in the middle which may reduce the size of the streaming vortex 

and influence the continuous concentration of the particle with the smaller size (Figure 

3.20). As for now, we can separate the particles of different sizes into the different droplets, 

we are able to extract the sample and perform further analysis. Thus, we measured the 

particle size distribution in both droplets using Zetasizer in order to characterize the 

separation performance. With the measurement, it is indicated that the original sample 

has mainly two peaks showing 28 nm and 100 nm. And for after the separation, we can 

observe a clear peak difference indicating the left droplet has the majority of the 28 nm 

particle while the right droplet has the majority of 100 nm particles. This result proves 

that we are able to separate the smaller particles from the larger particles and transport 

them to another droplet.  During the testing of different particle size combinations, we 

also found that for our current system, in order to have a clear separation with relatively 

high separation yield and purity, the size difference between two particles should be 

relatively large, ideally, the size ratio will be higher than 1.5 (e.g., 28 nm and 100 nm). In 

such a way, the difference of the force and concentration time scale can be large enough 

to create room for smaller particles to be separated and transport to another droplet.  
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Figure 3.18: Schematic of the procedure of the particle transport and separation in dual -

droplet acoustofluidic centrifuge.  (a) The original system state contains one droplet 

(right) with the sample and one blank droplet (left). (b) With acoustic waves exciting, 

larger particles (red) are concentrated to the middle of the right droplet and the small 

particles (green) are gradually transferred to the left droplet. (c) After the separation and 

transport process, particles with different sizes are immersed in different droplets. Then 

two pipettes are used to extract the sample from droplets, respectively.  
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Figure 3.19: Particle separation and transport via  a dual-droplet acoustofluidic 

centrifuge . (a) A schematic of the dual-droplet acoustofluidic centrifuge.  (b) A composite 

image showing the particle trajectory through the center channel. (c) The frequency 

spectrum of the waveform plot of a fixed point on the droplet as it spins, indicating the 

spin frequency difference of the two droplets with different volumes. (d) Image sequence 

showing the top view of dual-droplet acoustofluidic centrifuge. Fluorescent images (e) 

before and (f) after the acoustic waves on, showing the nanoparticle separation and 

transport from one droplet to another. Inset: the fluorescent image of the middle channel 

showing the particle transport. (g) Particle size distribution comparison between the pre 

and post-separation samples. Scale bar: 200 μm.  
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Figure 3.20: The separation and enrichment of particles with diameters of 500 nm and 

970 nm via  a dual-droplet acoustofluidic centrifuge. (a) Image showing the initial state 

before the acoustic field is turned on. The right droplet contains the particle samples and 

the left droplet is initially blank. (b) Image after the acoustic field is turned on; 500 nm 

particles are separated and transferred to the left droplet, and the 970 nm particles remain 

in the right droplet. After size-based separation, the respective particles are enriched in 

both droplets. Scale bar: 500 µm. (c) Bright-field image of the separated and enriched 

particles within the respective droplets. Both the left and right droplets show particle 

clusters at their centers.  

 

After the proof-of-concept experiment using polystyrene particles, we further 

tested the exosome sample with our dual droplet acoustofluidic centrifuge system (Figure 

3.21). Exosome is a well-knowing nanoscale extracellular vesicle that carries molecular 

cargo from the origin of the cells. It shows emerging potential for various biomedical 
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research , biomarker discovery, disease diagnostics, and health monitoring. The previous 

study has shown that exosomes have three subpopulations, namely: large exosomes (90-

150 nm), small exosomes (60-80 nm), and exomeres (~35 nm). While the size difference is 

obvious, their biological properties also have a difference that can be significantly 

important for study. Exomeres, as the smallest subpopulation, is a non-membranous 

nanoparticle that has distinctive cargos compare to the other two subpopulations. The 

current optional methods for separating the exosome subpopulation includes the nano-

DLD(Wunsch et al., 2016), ultrafiltration(Cheruvanky et al., 2007), and asymmetric flow 

field-flow fractionation (AF4)(H. Zhang et al., 2018), which needs either long duration (40 

mins to several hours) or complex experiment system. As the spinning droplet shows the 

capability of concentrating and separating nanoparticles with the fine size difference, we 

tested the exosome sample derived from human plasma using the dual droplet spinning 

system. The experimental configuration and steps are the same as the aforementioned 

polystyrene nanoparticle separation. The nanoparticle size distribution from the original 

sample, left, and right droplet after the separation are tested using the nanoparticle 

tracking analysis (NTA) system. As shown in Figure 3.21, in the original sample, there are 

mainly three peaks under the 150 nm size range, which correlate to the reported three size 

range of subpopulations of the exosome respectively. After the separation and transport 

process, in the right droplet which contains the original sample at the beginning, there are 

mainly two size peaks remaining. Meanwhile, in the left droplet which contains the PBS 
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droplet at the beginning, the majority of the particles have a size below 60 nm. The TEM 

images of the three samples are captured, which correspond to the result of the NTA 

system. These results further support the exosome sample can be fractionated by our 

droplet spinning system based on the size difference. This result demonstrates the 

biological application that can be performed with our acoustofluidic centrifuge system. 

More functions may also be envisioned with multiple droplet arrays that potentially may 

result in the separation of the sample containing more complex components. 
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Figure 3.21: Exosome subpopulation separation and transport in an acoustofluidic 

centrifuge. The NTA analysis (left), TEM image (middle), and particle count (right) for 

the original exosome sample (a), right droplet after separation(b) and left droplet (c) after 

separation. Scale bar: TEM image: 200 nm. Insets: 50 nm.  

 

3.6 Discussion and future work 

In summary, we have developed an acoustofluidic centrifuge system that utilizes the 

acoustically driven spinning droplet and inner vortex streaming to enrich and separate 

the nanoparticles. The system includes a pair of slanted IDT and one or dual spinning 

droplet units. The surface acoustic waves can push the droplet out of its equilibrium shape 

and force it to spin along its vertical center axis. We have explored the factors that can 

influence the droplet spin. Specifically, the spinning speed is independent of the acoustic 

parameters (i.e., frequency, amplitude) but tightly connected to the droplet radius and the 
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surface tension of the liquid. It is also proved that this spinning motion can also be applied 

to the different organic fluids that are usually being used for biological applications (e.g., 

PBS, cell culture medium, and Bovine serum albumin). When the droplet starts to spin, 

there is a rotational Stokes drift phenomenon with which particles inside the droplet will 

follow the helical trajectory and be concentrated to the middle of the droplet. The 

observed effect is similar to the previous study which utilizes the mechanical vibration to 

create the liquid-interface metamaterials and particles can follow a 2D helical trajectory. 

While two systems share a similarity to some extent, the difference is significant as well. 

In the acoustofluidic centrifuge system, the particles follow a three-dimensional helical 

trajectory and the size of the small circle is gradually decreasing when the particle moves 

towards the center. Relying on the high frequency acoustic wave and the spinning motion, 

particle velocity can be remarkably increased by a factor of ~102~103. Meanwhile, we 

observed the spinning motion is in fact a continuous liquid-air interface deformation 

along the vertical center axis which can generate a strong secondary flow that indicates 

the underlying mechanism of the particle concentration. With this system, we are able to 

concentrate the nanoparticles with a size ranging from several nanometers (e.g., DNA 

molecules) to micrometers and can be used for biosample signal amplification and 

detection purpose. With the building of a dual droplet acoustofluidic centrifuge system, 

we can separate the nanoparticles and transport them from one droplet to another based 

on the concentration time scale difference between particles with multiple sizes. As 
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various bioparticles that possess important biological functions are within the size range 

from sub-micrometer to nanometer (e.g., DNA, virus, exosomes, proteins), the enrichment 

and separation are of great importance in biology, chemistry, and medicine. Our 

acoustofluidic centrifuge builds the bridge between acoustofluidic and nanoparticle 

manipulation. In the system, small sample can be processed, and rapid processing time 

also represents another advantage. Furthermore, the acoustofluidic centrifuge system is 

an open microfluidic system. This allows easy accessibility to the droplet via pipette, 

which eliminates the need for external fluid driving units (e.g., pump, valves, or other 

flow control devices). We believe that this platform can significantly simplify and speed 

up sample processing, detection, and reagent reactions in various applications such as 

point-of-care diagnostics, bioassays, and liquid biopsies. 

Besides this proof-of-concept research, there are a lot more further studies that can be 

explored. In terms of the mechanism, although the force analysis of the particle is 

theoretically and numerically studied, the experimental measurement of the force is still 

a challenge. Since the drag force can be calculated by the particle velocity relate to the 

fluid, in a spinning system, it is difficult to directly measure this velocity. Meanwhile, the 

secondary flow generated radial force is also difficult to be directly measured. On the 

other hand, the particle being concentrated to the middle of the droplet is observed from 

the top view which only reflects the 2D information. The specific 3D location of the 

concentrated particle is unclear. This study may open up the new separation technique 
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that particles can be separated in the 3D spatial location and push the technique more 

towards the mini centrifuge that can have a much faster processing speed. In terms of the 

applications, one potential direction could be as aforementioned, to build a spinning 

droplet array and achieve the separation of the sample with more complex components. 

Another direction that may be valuable to pursue is the combination of the acoustofluidic 

centrifuge with other detection/characterization systems that can perform downstream 

analysis after the concentration and separation. This could potentially become an 

integrated system for biosample handling, processing, and analysis, which can be utilized 

for point-of-care applications.  
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Chapter 4: Acoustofluidic blood components separation 
for apheresis 

Apheresis is a medical process that is crucial to blood donation and medical 

treatment. The studies of apheresis generally can be divided into different sub-directions 

with specific terminologies that can reflect the specific components of blood that are being 

separated. For example, plasmapheresis, plateletpheresis, leukapheresis, etc. In this 

chapter, we introduce several methods of acoustic based blood components, which would 

be a potential alternative for the common centrifugation technique or could be part of the 

apheresis equipment. Section 4.1 introduces the motivation of the study. Section 4.2 

discussed the materials and methods used for acoustic based blood components 

separation. Section 4.3 detailed the theoretical model and working mechanism of different 

devices. Section 4.4 introduced the platelet separation using bulk acoustic waves. Then 

the next section (Section 4.5) discussed a prototype we built for small animal apheresis 

study. Finally, Section 4.6 is the discussion and proposed future work. Part of the work in 

this chapter is reported in Lab on a Chip. 

4.1 Motivation 

Blood, as a body fluid in humans and animals, is a significant medium that carries the 

necessary components to different organs/tissues and brings the metabolic waste derived 

from cells away.  Generally, in vertebrates, blood contains blood cells including 

erythrocytes, leukocytes,  and thrombocytes, suspended in plasma. Different blood 

components play various important roles in the blood and have gained significant 
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research attention for blood donation and therapy. Acoustic based separation, as an 

emerging separation technique, show great potential for blood components separation.  

Among the blood components separation, platelet (thrombocytes) separation is an 

important medical procedure used in clinical medicine for platelet donation and 

treatment of essential thrombocytosis. Meanwhile, the platelet is a rich source of growth 

factors and is able to accelerate the recovery of human bones and soft tissues. The current 

standard protocol for platelet separation or plateletpheresis is using a centrifuge-based 

system that can continuously separate the blood into different components based on the 

density difference of different blood components. While it serves as a well-established 

method, there are still some remaining issues with this method, which includes long-

duration and potential negative effect on platelet due to high speed rotation.  

Currently, there are multiple alternative attempts being made at separating the 

platelets from the blood.(Aatonen et al., 2017; B??ing et al., 2014; Choi et al., 2007; Goetzl 

et al., 2016; Guldiken et al., 2012; Hou et al., 2011; Jiang et al., 2017; Z. Wang & Zhe, 2011) 

Most of these methods are based on microfluidic platforms which utilize external forces 

such as hydrophoretic,(Arifin et al., 2007; Choi et al., 2007, 2011; Di Carlo et al., 2008a; Hou 

et al., 2015; Y. Liu & Liu, 2006; Tay et al., 2017) dielectric,(Piacentini et al., 2011; Pommer 

et al., 2008) inertial focusing,(Di Carlo et al., 2008b; Hou et al., 2015; Tay et al., 2017) and 

acoustic forces,(Ahmed et al., 2016; Gedge & Hill, 2012; Ozcelik et al., 2018; Petersson et 

al., 2007; M. Wu, Ouyang, et al., 2017; S. P. Zhang et al., 2018) to substitute the centrifugal 



 

138 

force of the centrifugation method. With some of these platforms developed, the 

separation efficiency can reach a very high value. However, there is one common limit for 

these methods: The throughput is often insufficient (<<1 mL/min) to make them an ideal 

alternative for conventional platelet separation, particularly for clinical use. The capability 

of high throughput platelet isolation from whole blood can reduce blood-processing time, 

which may also protect the blood quality. On the other hand, researchers also developed 

several high throughput platelet separation platforms that can process the blood with a 

throughput of ~10 mL/min.(Adams et al., 2012; Y. Chen et al., 2016b) As a great research 

step forward, when dealing with clinical use, the device will also have the critical material 

requirement. The previously demonstrated methods usually require relatively high 

acoustic impedance channel materials, such as stainless steel or glass, which can form a 

thin resonator or half-wavelength resonator. These materials may generate certain issues 

as plasma proteins may quickly adhere to the surface of the channel, which can lead to 

the adhesion and activation of platelets.(Mrowietz et al., 2005) Furthermore, the material 

cost of stainless steel and glass is usually high which in fact may generate conflict with 

the common blood handling device need: disposable.  

To bridge the connection between acoustic separation and clinical potential usage, we 

developed a plastic-based acoustic separation device enabling high-throughput and 

biocompatible platelet separation. Experiment results indicate this disposable acoustic 

device can separate platelets from whole blood with a platelet recovery rate (87.3%) and 
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a removal rate (88.9%) for red blood cells (RBCs) and white blood cells (WBCs) with a 

maximum throughput of 20 mL/min. Our device creates a resonator that is tailored for the 

plastic device, which is different from the existing plastic-based acoustofluidic devices 

that usually use an “in-plane” vibration mode. For the “in-plane” resonator, often utilize 

the half-wavelength channel width, and the channel will need to have relatively low 

channel height to avoid the blood sedimentation, thus microchannel formed in the device 

can only achieve a relatively low throughput (25–500 µL/min). (A. Mueller et al., 2013; 

Silva et al., 2017) We tested our device using human whole blood, and the results indicate 

that our plastic-based acoustofluidic device can achieve not only a high throughput (20 

mL/min) but also over 85% for both the platelet recovery rate and the RBC/WBC removal 

rate. Besides the separation demonstration, we also evaluated the platelet function and 

integrity for the post-separation sample. These results indicate that the platelets separated 

from our plastic-based acoustic device possess similar or even better quality than those 

isolated using centrifugation. Thus, taken together, the advantages possessed in our 

device make it an excellent candidate to potentially serve as an alternative for the 

conventional platelet separation method. 

Besides the platelet separation, plasma separation/plasmapheresis is widely used for 

various medical disorders, ranging from sickle cell diseases to treatment of rejection in 

organ transplantation. A major limitation to clinical investigations of plasmapheresis 

therapy is the size of current instruments which are designed for processing large volumes 
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of blood (5-7 liters) from adult humans.  Lack of scalable apheresis instrumentation 

precludes not only treatment of neonates and infants with small blood volumes but also 

limits the development of suitable pre-clinical models for testing safety and therapeutic 

efficacy.  On the other hand, for a broad range of biomedical research, the pilot studies 

usually have to be tested and validated on animal models before entering the clinical trials 

on human beings. Small mammalian animals, e.g., mice and rats, are commonly used as 

experimental models for clinical trials. As the small animals will be easier to feed, the body 

size determines that the mice will have much smaller blood volume for the specific study. 

However, the current apheresis equipment is mainly designed exclusively for healthy 

adult humans, which is difficult to be scaled down for small animal studies. Thus, a device 

that can separate the blood components with a small sample volume is needed to bridge 

the apheresis study and the small animal model. Acoustic separation, as a contactless, 

scalable, and biocompatible separation method is a suitable way to fit in this application, 

and can be significantly useful with a compact and integrated system. 

Here, we have demonstrated an acoustic method that combines the microfluidic and 

tilted angle acoustic separation concept for plasma separation. Meanwhile, we have 

shown that the acoustic plasma separation technique can be easily scaled to fit different 

sample volumes. Centering from the microfluidic and tilted acoustic separation 

technique, we have demonstrated two configurations that can be applied for plasma 

separation, including the surface acoustic waves for small volume sample handling and 
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bulk acoustic wave for large volume sample handling. Finally, we have also developed 

an integrated prototype for small animal plasmapheresis. The system includes several 

units: the fluid driving unit with two peristaltic pumps, a cavity-based fluid stabilizer, a 

temperature controlling unit, and an acoustic separator. With this system, we have 

successfully demonstrated the mice plasma separation and tested the antibody level in 

order to characterize the separation effect. The in-vivo experiment was also tested for the 

acoustic plasmapheresis proof-of-concept study. 

4.2 Materials and methods 

4.2.1 Platelet separation device 

The acoustic device consists mainly three plastic layers. The two PMMA sheets 

were machined by a CNC cutting machine as the top and bottom layers with the fluid 

channel, and the polyester film was fabricated using laser cutting as the divider and 

sandwiched between the top and bottom layers. Four plug-connectors were used as the 

inlets and outlets connecting with the tubing. A thin layer containing ultrasonic couplant 

was used between the device and acoustic transducer in order to make the acoustic waves 

effectively transmitted into the fluid channel. This couplant could be easily removed and 

cleaned, thus, enables the capability of reusing and recycling the acoustic transducer (Gu 

et al., 2019)(Figure 4.1).  

In order to characterize the acoustic field in plastic device, a hydrophone 

(HNC0100, Onda Corporation, USA) was utilized along with an oscilloscope (DPO4104, 
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Tektronix, USA) to measure the acoustic field with acoustic wave propagate through the 

plastic layer. A homemade 3-D scanning platform controlled with the LabVIEW software 

(NI Corporation, USA) was used to control the movement of hydrophone and scan the 

field(Gu et al., 2019). The device was placed into a sink for measuring the acoustic field to 

identify the uniformity of the output transducer energy. The relationship between the 

driving voltage of the transducer and acoustic pressure was also measured with the 

hydrophone (Figure 4.2). 

The blood sample and buffer solution were delivered into the acoustic device 

through a homemade peristaltic pump, which has four pumping channels and provides 

a range of flow rates from 1 to 50 mL/min(Gu et al., 2019). An RF signal generator (AFG 

3011, Tektronic, USA) and a power amplifier (25A250A, Amplifier Research, USA) 

provided coherent AC signals to the acoustic transducer. The resonance frequency of the 

acoustic transducer after being bonded to the fluidic chamber was measured using a 

vector network analyzer (VNA 2180, Array Solutions, USA). 

Whole blood sample (Zen-Bio, Inc.) was tested in the experiment. 10% sterile 

dextrose solution, which is commonly used for platelet storage and is biocompatible at 

this concentration,(Y. Chen et al., 2016a) was used as the buffer solution to tune the 

acoustic impedance of the medium.(Deshmukh et al., 2014) Sample before and after the 

separation was tested using Hematology analyzer (Ac·T diff2, Beckman Coulter, USA). 

The functionality and quality of platelets were evaluated by the expression level of CD 



 

143 

62P (P-selectin), morphology score, platelet aggregation activity, and the HSR(Y. Chen et 

al., 2016a; Gu et al., 2019).  

4.2.2 Plasma separation device 

The fabrication process of the surface acoustic wave based separation device is 

similar to the acoustofluidic centrifuge device mentioned in the last chapter. Basically, the 

electrodes of two IDTs (5-nm Cr and 50-nm Au) were fabricated on a 128° Y-cut lithium 

niobite (LiNbO3) wafer (Precision Micro-Optics, USA) by a standard photo lithography 

process, and then the process of electron beam evaporation and lift-off is followed to form 

the SAW device. Silver epoxy (MG Chemicals, USA) was used to connect wires to the IDT 

electrodes. The microchannels were fabricated by standard soft-lithography and a mold-

replica procedure. After the fabrication of two main components, the substrate and PDMS 

channel were bonded together by oxygen plasma treatment. The PDMS channel was 

aligned with a tilted angle. Then the device was baked at 90 °C overnight for tightly 

bonding.  

For the integrated system used for mice plasmapheresis, besides the SAW based 

separator, multiple other components were also combined. The system mainly includes 

peristaltic pumps for fluid driving (Instech Laboratories, Inc., Plymouth Meeting, 

Pennsylvania, USA), a cooling plate (TE Technology Inc., Traverse City, Michigan, USA), 

a PWM temperature controller (TE Technology Inc., Traverse City, Michigan, USA), a DC 

power supply (TE Technology Inc., Traverse City, Michigan, USA), a cavity-based fluid 
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stabilizer, and acoustic separator. The cavity based fluid stabilizer is formed with a four 

layer PDMS structure. Two layers with the fluidic channel and cavity were bonded 

together and sandwiched by another two plain PDSM layers. 

 

 

Figure 4.1: Schematic of the platelet separation device. (a-b) Illustration of the device 

components and (b) the photo of assembled device. (c) schematic of the acoustic platelet 

separation device.  
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Figure 4.2: Acoustic field characterization.  (a) The measured acoustic field of the 

corsssection plane. (b) The relationship between the acoustic pressure and the input 

voltage. 

 

4.3 Theoretical model and working mechanism 

The major mechanism of the acoustic separation device is based on the acoustic 

radiation force (Ὂ) and the drag force. These forces can be expressed as: 
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Ὂ φ“‘ὥό τȢσ 

Where ὴ, ‗, ὠ, ” , ” , ‍ , ‍ , ‘, ὥ, and ό  are the acoustic pressure, acoustic 

wavelength, the volume of the particle, density of the medium, density of the particle, 

compressibility of the medium, compressibility of the particle, viscosity of the medium, 

radius of the particle, and relative velocity of the particle, respectively. And ώ is the 

coordinate along the standing wave direction, and Ὧ is the wavenumber of the standing 

wave. Based on the equation, the acoustic radiation force on the specific particle is 

connected to the volume, density, compressibility, and power of the acoustic waves. Thus, 

the particles/cells with different aforementioned properties will experience different 

acoustic radiation forces and can be separated along with the fluid flow. Specifically, the 

acoustic standing wave provides the acoustic radiation force component with the 

direction perpendicular to the flow direction. Thus this perpendicular force component 

will enable the particle movement across the flow and being separated from the original 

sample flow. For the plane acoustic standing wave (i.e., the standing wave is strictly 

perpendicular to the flow direction), the acoustic radiation force acting on the particle 

provides all the forces for the cross flow movement. This configuration usually requires 

only one pressure nodes exist in the channel in order to provide a uniform force direction 

(from pressure antinode to pressure node) and separate the particle. The advantage of this 

configuration is it can provide a uniform stable force distribution through the fluid which 

will have a minor influence on the laminar flow condition. On the other hand, this 
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configuration will need a relatively critical channel dimension in order to fit with the 

specific frequency driving, thus has a relatively high fabrication requirement. For the 

tilted angle acoustic standing wave, part of the acoustic radiation force provides the cross 

flow movement. The advantage of this configuration is obvious, the separation effect is 

not tightly bonded with the specific channel dimension. In other words, the tilted angle 

can deflect the particles in a relatively wider range, which can potentially achieve high 

separation resolution and high throughput at the same time. The disadvantage of the 

tilted angle device will be beside the component of the acoustic radiation force benefitting 

the particle separation, the other parts of the acoustic radiation aligned with the flow 

direction will also act on the particles. This may influence the flow condition and 

sometimes cause particle aggregation inside the channel.  

In order to better understand the acoustic field, fluid field, and particle 

displacement. We applied the numerical simulation using a finite-element-based software 

package, COMSOL Multiphysics® version 5.2a (COMSOL, USA). The “pressure 

Acoustics” module was used to solve the acoustic field for different configurations (plane 

standing wave, tilted standing wave) while the normal velocity was added to the 

boundary that the acoustic wave was propagating into. And a “Frequency Domain” 

model was set as the model solver at different frequencies. With this method, we can 

obtain the standing wave field distribution and further use it for acoustic radiation force 

calculation and particle trajectory calculation. For the fluid and particle, the “Laminar 
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Flow” and “Particle Tracing for Fluid Flow” modules were utilized for predicting the 

particle trajectory under the acoustic radiation force and the drag force at a different flow 

rate.  

4.4 Platelet separation 

The platelet separation device consists of a three-layer plastic structure and an 

acoustic transducer. The plastic structure has a polyester film sandwiched by two 

polymethyl methacrylate (PMMA) sheets with the carved channel. With the structure, a 

quarter-wavelength acoustic resonator is formed which has a pressure node near the top 

layer. The acoustic pressure distribution inside the channel can provide sufficient acoustic 

radiation force to push the blood cells from the original fluid to the buffer fluid. 

Meanwhile, the plastic device is usually used for the medical device due to the high 

biocompatibility and relatively convenient fabrication process. The bottom layer also has 

a rectangular chamber for the acoustic transducer insert. Here the quarter wavelength 

resonator is selected as the plastic material itself cannot provide efficient reflection and 

form the standing wave, thus the air boundary outside the plastic should also be 

considered in order to build a fully functional resonator. This resonator although needs a 

relatively critical fabrication requirement (separation performance is sensitive to the 

thickness of the layer), can provide sufficient throughput and ideal material usage. The 

polyester film in the middle serves as the function of a fluid divider so that the buffer fluid 

and sample will not contact each other before entering the separation area. With the 
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acoustic wave turning on, the wave will propagate through the plastic material and enter 

the fluid channel. The resonance will generate a monotonic pressure amplitude gradient 

inside the channel. When the blood sample and buffer flow into the channel, the blood 

components will experience the acoustic radiation force that provides the velocity across 

the flow, which has the force amplitude positively correlated to the size of the 

components. The red blood cells and white blood cells will suffer from larger force 

compare to the platelet due to the size difference. Thus, the red blood cells and white 

blood cells will be pushed into the buffer solution near the top layer while platelets remain 

to stay in the original flow near the bottom layer and thus are separated (Figure 4.3).  
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Figure 4.3: Acoustic radiation force and particle trajectory. (a) The simulate acoustic 

pressure distribution in the plastic channel. (b) The normalized acoustic pressure 

distribution along the middle line of the device. (c) The estimated particle trajectory under 

the acoustic radiation force and drag force.   

 

We have tested the device with the human whole blood, and the buffer solution 

utilized the 10% sterile dextrose solution which was used as the impedance matching 

solution in previous studies. With the blood sample and buffer solution flowing through 

the channel without the acoustic energy turning on, from the outlet, we can observe the 

blood and buffer fluid flow out from different outlets with barely mixing. This indicates 

the laminar flow condition can be stably formed inside the channel. With the acoustic is 

on, we can directly observe the fluid color change in the tubing of the outlets as the red 

blood cells/white blood cells were pushed from the bottom fluid layer to the top fluid 
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layer (Figure 4.4). We also collected the sample, centrifuged it, and compared it with the 

original whole blood. It can be seen that although there is still a certain amount of red 

blood cells in the collected sample, a relatively large amount of red blood cells were 

removed from the blood. We have also tried different methods to characterize the 

separation performance. The hematology analyzer (Ac·T diff2, Beckman Coulter, USA) 

and flow cytometry were used to compare the platelet numbers before and after the 

separation (Figure 4.5). The results indicate that the device can achieve over 85% red blood 

cells/white blood cells removal rate and platelet recovery rate. Meanwhile, we have 

evaluated how the flow rate and driving voltage will influence the platelet separation 

performance. We quantitatively characterized the red blood cell/white blood cell removal 

rate and platelet recovery rate as the functions of the flow rate and the voltage (Figure 

4.6). The removal rate is calculated by comparing the ratio of red blood cells/white blood 

cells from the cell collection outlets to the cells introduced from the inlet. And the recovery 

rate is calculated by comparing the ratio between the collected platelet from another outlet 

to the introduced platelet. As the experiment measurement, when the voltage is fixed and 

the flow rate changes, the red blood cells/white blood cells removal rate was obviously 

decreased, and the platelet recovery rate was barely influenced. This is mainly due to the 

faster flow, the time of the blood cells experiencing the acoustic effect is reduced, which 

will also induce the cell deflection length and the removal rate.  Meanwhile, when the 

flow rate is fixed and the voltage is increased, the blood cell removal rate can be improved 
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while the platelet recovery rate will be decreased. This effect results from the fact that 

higher power will generate higher acoustic radiation force, which may push more cells 

and platelets across the flow to another fluid layer. Another potential reason is that the 

higher power will also bring more streaming and the thermal effect that may influence 

the bottom fluid layer. With an optimized flow rate and driving voltage (7 mL/min and 

~45 Vpp), the blood cell removal rate and the platelet recovery rate can be improved to 

over 90%.  

 

 

Figure 4.4: Platelet separation performance. (a) Initial flow condition when acoustic 

waves is off; (b) The photo of the outlets during the acoustic separation process. (c) The 

comparison of whole blood (left) and collected platelet sample (right).  
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Figure 4.5: The flow cytometry results comparing (a) the whole blood and (b) collected 

sample. 

 

The quality of the isolated platelets was evaluated using the following parameters: 

P-selectin, morphology score, platelet aggregation activity, and HSR (Figure 4.7).  The 

characterization of the platelet quality shows that compared to centrifugation,(Anitua et 

al., 2016; Chandler, 2012; Perez et al., 2014) the acoustic platelet separation technology will 

have less damage to the platelets. Platelets were collected using centrifugation as positive 

control group, where 10 mL blood sample was centrifuged for 12 min at 200 g, then obtain 

and centrifuge the top and middle layers for 5 min at 1200 g for the platelet-rich plasma. 

(Dhurat & Sukesh, 2014; Perez et al., 2014) The expression level of CD 62P (P-selectin) was 

used to compare the activation levels for the platelets isolated by both acoustic and 

centrifduge methods, and the untreated platelets in the original whole blood serve as the 

negative control group. The results indicate that, comparing to the negative control, the 

platelet activation level increased by 13.3% using acoustic method while is lower than the 
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24% for centrifuged sample. Moreover, the acoustic separation also had a higher 

morphology score, which indicates that the discoid platelets were of greater integrity after 

acoustic separation than centrifugation.(Germing et al., 2007) In terms of the platelet 

aggregation activity, 5 μM adenosine diphosphate (ADP) was used as the agonist, and the 

corresponding platelet-poor plasma was utilized as control and transmission 

standardization.  The collected platelets using acoustic technology show a higher 

aggregation ratios that implies a better platelet functionality. Finally, the acoustic 

spearated platelets had a higher HSR, thus, indicates a higher viability.(Kececi et al., 2014) 

Results were obtained from using three independent blood samples and analyzed using 

a one-way ANOVA post hoc test. Through the statistical analysis, we concluded that the 

quality of platelets isolated using our acoustic method can reach better value compare to 

those isolated using the centrifugation method. These results indicate that the acoustic 

separation can obtain the platelet with better quality and integraity compare to the 

centrifuge method.  
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Figure 4.6: Device performance under different parameters. (a) The relationship of the 

RBC/WBC removal rate and (b) platelet recovery rate with the input voltage and flow rate. 

The data represent three independent experiments as average ± standard deviation.  
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Figure 4.7: Evaluation of the quality of the isolated platelets by acoustic platelet 

separation technique and the centrifugation:  (a) P-selectin characterization, (b) 

morphology score quantification, (c) platelet aggregation activity measurement, and (d) 

hypotonic shock response analysis. Data represents average ± standard deviation from 

three independent experiments (*p < 0.05).  

 

Current plateletpheresis and apheresis instruments for clinical use developed 

along with the blood separation technique in the 1940’s in order to provide blood fractions 

to patients. Thus these equipment usually target at a relatively large blood volume and 

high throughput mainly for adults. With the development of research specifically for 

children or small animals, the device that can handle small sample volumes are also 

needed to facilitate research. Due to the size of current equipment, research applications 

involving centrifugal-based devices have been usually utilized for human subjects, or 

large animals weighing >10 kg.  Thus, the exploration of the smaller equipment that with 
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small sample volume input becomes valuable as well for performing research in smaller 

animals.    

In this project, we describe a methodology that is capable of separating cells in a 

fluid medium with flexbile volume input using acoustic waves. This technique provides 

an ideal way for label-free separation of a variety of cellular and sub-cellular particles for 

both therapeutic, diagnostic, and research applications. Its versatility makes it flexibly 

suitable for platelet separation for the animals with different size from human beings, to 

small animals (e.g., mice). 

Our plastic-based acoustic device can provide an efficient platelet separation with 

a 88.9% for the RBC/WBC removal rate, and 87.3% for the platelet recovery rate, and 20 

mL/min for the throughput. The RBC/WBC removal rate and the platelet recovery rate 

can be improved to over 90% by optimizing the device’s design and operation parameters. 

In our acoustic device, a relatrively low-power-intensity acoustic field is applied to the 

blood components for several seconds. The operational parameters of our device are 

comparable to the power and intensity used in ultrasonic imaging, which is regarded as 

a biocompatible method(Gu et al., 2019). The gold-standard platelet separation approach, 

centrifugation, on the other hand, typically lasts minutes to several hours; the components 

are exposed to strong forces for a much longer time. Thus, the gentle process used in our 

acoustic device expressed a less negative effect on the isolated platelets and provide a 

higher quality sample.  
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Our acoustofluidic devices still have some drawbacks. Its throughput is still lower than 

those of high-end plateletpheresis devices (up to 80 mL/min), thus, to some extent, limit 

the practical usage. In addition, the traditional plateletpheresis equipment can have better 

separation capability, for example, separate platelets from plasma to obtain platelet 

samples that have no contaminants such as cell-free DNA and cytokines, while our device 

has not yet demonstrated this feature. Nevertheless, our acoustic device possesses some 

unique advantages including high biocompatibility, low cost, and ease of preparation and 

operation. With these advantages, it can be an alternative not only for platelet separation 

but also for label-free separation of many other cellulars and sub-cellular particles. 

4.5 Plasma separation 

The surface acoustic wave has been utilized for different bioparticle separation in 

the continuous flow, e.g., platelet, bacteria, exosome. It possesses various unique 

advantages, for example, small device, high separation efficiency, biocompatible. It can 

be used as an ideal candidate for small animal apheresis study and the whole system can 

be compact. Thus, we have built an integrated acoustofluidic apheresis system for small 

animal blood separation. The key component of the integrated system is a tilted angle 

acoustic separator (Figure 4.8). The configuration is similar to our previous study. 

Basically, the acoustic separator consisted of a pair of the interdigital transducer and one 

microchannel on the piezoelectric substrate. The microchannel has three inlets and two 

outlets. When the blood sample flowing through the channel, the laminar flow condition 
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is formed with two sheath flow positioned on both sides. Without the acoustic wave, the 

blood will flow out from one outlet. After acoustic waves are turned on, the standing wave 

can be formed with periodic distributed pressure nodes and antinodes. The standing 

wave is tilted compared to the flow direction, thus can provide a tilted cross flow velocity 

on the particles in the blood. Therefore, the blood cells (i.e., red blood cells and white 

blood cells) and platelets will be deflected from the blood sample to one of the sheath flow 

and flow out from another outlet. By adding the fluorescence dye to the original blood 

sample and performing the separation experiment, we can confirm the plasma can be 

separated from the blood cells and platelets. Since the fluorescence dye is distributed in 

the plasma and cannot be pushed by the acoustic waves, it can serve as an indicator of the 

plasma flow direction. Meanwhile, the buffer solution does not contain the fluorescence, 

thus when the separation is performed, we can observe the separation phenomenon by 

observing both the bright field and fluorescent field (Figure 4.9). With our previous test, 

our acoustic separator can achieve a ~95% removal rate for blood cells (i.e., red blood cells 

and white blood cells) and ~90% platelet removal rate.  
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Figure 4.8: A photograph of acoutofl uidic apheresis chip.  The two components: the fluid 

controller and acoustophoresis separator, are connected. (Figure credit: Mengxi Wu)  

 

Centering from the acoustic separator, we have built an integrated prototype in 

order to perform acoustofluidic apheresis for the small animal. In the system, there is a 

fluid stabilizer sitting on an acrylic platform while two peristaltic pumps and a power 

supply are placed under the platform. The acoustic separator is placed on top of a colling 

plate in order to keep the temperature being consistent during the experiment (Figure 

4.10). With this integrated prototype, we have conducted a series of experiments to study 

the potential of utilizing it for small animal apheresis. In order to identify the plasma 

portion in the experiment, we chose to measure the antibody level in the separated 

sample. Since the antibody is usually very small (~10 nm), the acoustic radiation force 

acting on the antibody will be extremely limited, thus, it can serve as an indicator of the 

plasma and be further analyzed for potential separation efficiency and identify the fluid 

condition. We started the experiment by firstly identifying the plasma separation effect 
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with ex-vivo setup. We added monoclonal antibody (anti-CD3mAb) to non-reaching 

whole blood to mimic highly sensitized patients. And the monoclonal antibody did not 

show any cross activity to rat T cells. After we ran the whole blood sample with unbound 

antibodies with our system, we collected the sample in both outlets (cell portion outlet 

and plasma portion outlet). By measuring the antibody level, we confirmed the antibody 

exists in the plasma portion outlet while no antibody was detected in the cell portion 

outlet. This confirms the capability of our system separating the antibody from the blood 

cells and platelets. Then, in order to evaluate the feasibility of in vivo usage of our system, 

we performed plasmapheresis with the sensitized mouse. Animals were sensitized with 

skin transplantation. In the experiment, we drew the blood directly from the mouse with 

the peristaltic pump while the PBS was used as the sheath flow. The blood sample and 

buffer then went through the fluid stabilizer in order to form a more stable fluid condition 

and remove the microbubble that may be generated from the blood draw. After that, the 

sample and buffer will enter the acoustic separator and perform the separation. With the 

comparison between the acoustic on and off, the blood cells were identified obviously 

separated from the blood by color changing. 500 µL of circulating blood was running 

through the system via vena cava with a throughput of 10 µL/min. We compared donor-

specific antibody (DSA) levels in the serum before and after plasmapheresis together with 

cell and plasma portion. Pre- and post-serum samples were collected via cheek bleeding 

from animals. The result shows an obvious reduction of the DSA level for proof-of-
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concept testing. As an ongoing project, various things can be further improved. One is the 

residual volume of the system. Since our device for plasma separation is an integrated 

system that consisting of multiple units that connected using tubing, there will be a 

residual volume that is difficult to be collected. The residual volume of the whole system 

was measured for ~100 µL, including the volume in the tubing (connect to a peristaltic 

pump and between microfluidic channels) and microfluidic channels. Another is the 

device performance during the long time running. During the experiment, the input 

voltage was set as 30 Vpp, and the temperature was set as 20 °C. And it was found that 

during the long time running, there will be a liquid droplet generated on top of the 

acoustic separator device, which may cause unstable working performance. Thus, the 

tubing shortening and moisture controlling will be considered for further prototype 

development.  
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Figure 4.9: Separation of blood cells and plasma by acoustophoresis.  Blood cells and 

platelets appear to be dark while green fluorescence indicates plasma. The acoustic waves 

transfer blood cells out from plasma to the buffer solution(M. Wu, 2018). (Figure credit: 

Mengxi Wu)  
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Figure 4.10: Plasma separation with the acoustofluidic apheresis system. (a) A prototype 

of acoustofluidic apheresis apparatus is working. (b) Blood and frozen fresh plasma (FFP) 

are sucked into the apheresis device and returned to other tubes. (c) Blood components 

are separated by using acoustics. Cells are filtered out from the original plasma and 

transferred to FFP(M. Wu, 2018). (Figure credit: a-c, Mengxi Wu), (d) In-vivo 

demonstration of plasma separation with mice. Inset: zoomed-in image of the working 

device. 

 

4.6 Discussion and future work 

In this chapter, we have discussed two configurations for blood components 

separation and the potential usage of the system for small animal studies.  Apheresis or 

blood components separation studies have revealed broad study interests and can be 

utilized for various applications for therapy. While the centrifugation system already 

expressed powerful capability to meet different demands and becomes to be a gold-

standard, the more diversified user-defined needs are coming forth and pushing the 
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technology development. Under this circumstance, acoustic based separation method 

shows a strong capability that can provide an efficient separation in a biocompatible, 

flexible scaling, contact-free, and non-invasive manner. Meanwhile, the acoustic device is 

compact, which leads to being an ideal separator and can be combined with different units 

to perform a systematic analysis or to serve as a therapeutic tool. Under the basis of 

standing wave mechanism, the acoustic device also possesses the features of simple 

operation and stable performance, which shows the great potential of being widely used 

for biological applications. In our study, we have demonstrated one plastic-based platelet 

separation device that can remove the red blood cells and white blood cells in a high-

throughput and biocompatible way. Meanwhile, the plastic material makes the device 

ideal for disposable clinical use. On the other hand, we have developed an integrated 

prototype that can separate the plasma/antibody from the whole blood. Centering from 

the acoustic separator device, we have built a system including multiple accessories to 

enhance the overall workflow that can be applied to small animals, e.g., mice, rats, or 

rabbits. With the proof-of-concept demonstration, we proved that the system can function 

well when connecting with the mouse model. Further development is conducting to better 

optimize the system. With the development of the system, more functions can also be 

envisioned. For example, in-vivo plasma exchange or blood cell exchange with parallel 

experimental configuration. 
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On the other hand, there are multiple problems that will need to be addressed 

before the acoustic separation can be utilized for a real biomedical purpose. One is the 

thermal effect, as the acoustic wave is a mechanical wave when it propagates through 

different material, the acoustic energy absorption is unavoidable, which will be 

transferred to the thermal effect. This influence can be minimized when the throughput is 

relatively high (e.g., high throughput platelet separation study), the fast blood flow can 

bring the extra thermal energy away and avoid overheating on the specific location. 

However, this could influence the performance and the blood component quality when 

dealing with smaller throughput. The current method for dealing with this problem is to 

add a cooling plate to keep the temperature consistent. This diminished the overheating 

problem while also introduced another energy term that may induce the humid 

environment. Thus the further moisture control would also need to be considered. 

Another potential solution would be utilizing the circulating flow system to cool down 

the device. As the circulating flow is enclosed in the channel, the moisture control could 

potentially be removed. Another problem that was identified in our study is the plastic 

device. As aforementioned, the plastic device is ideal for the clinical disposable device and 

can be engineered to a different channel with a modern fabrication method. However, 

since the plastic material cannot provide an efficient reflection of the acoustic wave, a 

specific resonator should be utilized in order to form the standing wave environment. 

This will lead to the requirement of high resolution fabrication which to some extent 
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conflicted with the capability of the current fabrication technique. Furthermore, when 

acoustic wave interacts with the plastic device, both in-plane and out-of-plane vibration 

could be excited which could serve as a double-edged sword, and detailed optimization 

of the device and further exploration of the mechanism are needed. 

Overall, acoustic methods expressed great potential for particle/cell separation, 

their contactless and biocompatibility features make them the specific benefit to the 

biomedical applications. With the further development of the technique and system, more 

pioneering research and emerging therapy could be implemented on small animals or 

even human beings.  
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Chapter 5: Conclusion  

5.1 Summary  

In this dissertation, we first went through a brief history of acoustic manipulation and 

how the synergetic effect can be achieved between the acoustic wave and fluid dynamics. 

Specifically, we believe the interplay of the acoustic waves and fluid motion is an 

important step towards applying acoustic manipulation to practical applications. Since in 

the majority of the biomedical applications, the native environment of the target particle 

is the liquid, the fluid dynamics is of great importance for the particle movement. Inspired 

and motivated by this concept, the main goal of our effort is to develop the next-

generation acoustic manipulation platform. This aim can be divided into two parts: a) 

Break the current size limit of the targets that can be manipulated using sound waves. b) 

Increase the degree of freedom of acoustic manipulation. During the technical exploration, 

along with the acoustic wave modulation, we have proven that we can significantly 

leverage fluid dynamics in the process, which has traditionally been viewed as an adverse 

effect for the control of underwater objects. Through these studies, we have demonstrated 

several new capabilities of acoustic manipulation: 1. Acoustofluidic holography for micro- 

to nanoscale manipulation. 2. Acoustic driven droplet spinning (acoustofluidic centrifuge) 

system for nanoparticle enrichment and separation. 3. Acoustofluidic apheresis system. 

These three studies also correspond to three classic fluid systems: bulk fluid, droplet, and 

continuous flow. These three works are summarized as below: 
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1. Acoustofluidic holography for particle manipulation in the bulk fluid 

The ability to construct two-dimensional (2D) and three-dimensional (3D) cell 

structures that closely resemble their native microenvironment is critical to the 

development of improved models for biomedical research and the fabrication of 

biomimetic tissues. However, it remains a significant challenge to produce the 

microstructural complexity required to achieve physiologically relevant functions. To this 

end, we have developed an acoustofluidic holography system for the 2D and 3D 

alignment of cells into prescribed arbitrarily shaped patterns using acoustic waves and 

fluid dynamics. With this technique, the cells can be patterned in the predesigned shape 

and then fixed by the cross-linking of the hydrogel. The basic experimental setup includes 

an acoustic transducer and a holographic acoustic lens. Cell patterning can be performed 

directly in a petri dish, which provides high compatibility with the workflows of 

biological laboratories. As the holographic acoustic lens serves as a key component, we 

have designed and implemented multiple holography algorithms (e.g., arbitrary 

phase/pressure design, frequency-multiplexing hologram, binary hologram) that are well 

suited for various applications. Moreover, we built a simulation model of acoustic 

streaming and air-liquid interface deformation, which serves to further elucidate the 

mechanisms behind cell patterning with this technique. 

2. Acoustofluidic centrifuge for nanoparticle manipulation in a spinning droplet 
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While acoustic waves are generally utilized for micro-scale particle manipulation, our 

understanding of the interaction between acoustics and nanoparticles is remained limited. 

The acoustofluidic centrifuge system is originated from a new physical finding that 

surface acoustic waves can drive the spinning of a sessile fluid droplet. On the basis of 

this finding, we built theoretical and numerical models to analyze this phenomenon and 

further explored the capability of this system. The basic components consist of a pair of 

slanted interdigitated transducers (IDTs) and a circular polydimethyl-siloxane (PDMS) 

containment ring to encapsulate a portion of the droplet and define its shape. When  two  

traveling SAWs  propagate  along  the substrate from two opposing directions and enter 

the two flanks of the droplet, the droplet will spin along its central axis. Meanwhile, the 

particles inside the spinning droplet follow a helical trajectory and can be rapidly 

concentrated to the center. Based on this principle, we have tested different samples with 

the system and achieved the concentration and fluorescent signal amplification of 

polystyrene nanoparticles and DNA segments. Moreover, we have developed a dual-

droplet system that can separate and transport the nanoparticles from one spinning 

droplet to another.  Exosome subpopulation separation was successfully demonstrated as 

a practical application. The construction of this platform can potentially simplify and 

speed up sample processing, detection, and reagent reactions in various applications such 

as point-of-care diagnostics, bioassays, and liquid biopsies. 

3. Acoustic blood components separation in continuous flow 
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Separation of blood components is a significant medical procedure used in clinical 

medicine. To this end, we have developed several techniques with different working 

mechanisms for multiple blood separation projects. These projects include platelet 

separation using a bulk acoustic resonator, plasma separation using tilted angle bulk 

acoustic waves, and surface acoustic wave (SAW) based plasma separation. Through 

these projects, we have detailed the process of the fabrication of plastic/PDMS devices, the 

development of acoustic resonators, and methods of characterization of blood 

components (e.g., hemocytometer, flow cytometry, and ELISA). In addition to the 

development of innovative acoustic based blood separation techniques, we have also 

designed an integrated device for use in animal experiments. We have developed a fully 

functional prototype that includes the peristaltic pump, cooling plate, fluid stabilizer, and 

acoustic separator, and we have successfully performed proof-of-concept plasma 

apheresis experiments for mice.   

5.2 Future works 

Acoustofluidics (i.e., the fusion of acoustics and microfluidics) particle manipulation is 

an emerging research topic that involves multidisciplinary studies, including physics, 

engineering, material science, and biology. As the underlying mechanism has been 

consistently unraveled, more innovations are conducted in both the device design and 

practical applications, which reversely keeps promoting the revealing of the new 

mechanism. As a wave based technique, acoustic wave possesses several significant 
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advantages: Contact-free, non-invasive, and label-free. These features make the acoustic 

method specifically ideal for life science applications, for example, acoustic imaging has 

already been widely applied for non-invasive in-vivo imaging of the human body. 

Meanwhile, acoustic tweezer, after years of development, have also revealed its potential 

for in-vivo manipulation. In terms of acoustic manipulation, although the technique is 

developing in a fast path, there are several key problems that need to be dealt with before 

it can be applied to practical biomedical applications. One is the acoustic wave absorption 

and reflection, especially when applying to the human body with a complex material 

environment. This will lead to some detailed problems, for example, the distortion of the 

acoustic field, insufficient acoustic energy at the target position, extra thermal effect, and 

manipulation resolution. At the same time, the acoustic wave is, to some extent, 

environment-sensitive. The acoustic configuration will need to be consistently optimized 

for different models (e.g., small animal model, human model, or different parts of the 

animal body). To deal with this obstacle, a more precise and flexible acoustic wave 

modulation method may be a tendency as a specific research topic. While some of the 

current studies demonstrated, the transducer array development cooperated with the 

time-reversal optimization would be an ideal option for this purpose.  With more 

information that acoustic waves can carry on, better acoustic manipulation performance 

can be envisioned. Meanwhile, acoustic wave modulation should also be aligned well 

with the material properties. When dealing with more complex materials and 
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environments, the capability of controlling wave propagation is a key aspect. This will 

potentially require a deeper understanding of the material design and material analysis. 

For material design for acoustic wave modulation, metamaterial study can be explored 

and potentially provides an efficient way to control wave propagation (e.g., 

complementary metamaterial for wave transmission). On the other hand, the complex 

material analysis will require a large dataset that may benefit from the machine learning 

technique. This could potentially provide guidance for the acoustic configuration for the 

different working environments.  Furthermore, as aforementioned, this is a 

multidisciplinary field that will need the collaboration of researchers from different study 

fields in order to push forward the development. The system simplification and working 

stability also is of great importance so that researchers from different fields can bring up 

more insights during the practical testing of the methods.  

Moreover, the acoustic wave also shows great potential in terms of cell patterning. As 

we introduced in our study, acoustic waves can pattern the cells into complex 2D/3D 

shapes while providing a high localized cell density and complexity. This can potentially 

be utilized to build the functional tissues or organs if certain technical problems are 

addressed. One direction that can be envisioned in short term is utilizing the acoustic 

wave to form the arbitrary shaped 3D cell pattern in one step. As the acoustic holography 

technique has been developed, arbitrary acoustic fields can be formed in a cost-efficient 

way. The remaining issue will be since the current arbitrary shape is visualized as the 
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shape of the acoustic pressure antinode. However, the majority of the bioparticles (cells) 

possess the property of positive contrast factor, which means they can only move to the 

pressure nodes in the common liquid environment (e.g., PBS or cell culture medium). 

Although the contrast factor can be tuned by changing the liquid medium, this potentially 

may cause a relatively critical environment that may harm the cells. Thus, other 

innovations will be needed to form the 3D cell pattern in their native environment. For 

long term study, when acoustic waves can form the arbitrary shape cell pattern and build 

certain models, the higher requirement for acoustic based cell pattern will be of interest. 

For example, for the functional tissue or organ, a heterogenous cell pattern will be needed. 

While acoustic wave features for its label-free property, this could be a difficult point for 

this function and will need further development and exploration of the acoustic pattern 

technique.  

Besides the acoustic mechanism exploration, some future directions that leaning 

towards practical applications can also be envisioned. One is system integration. While 

multiple acoustic based techniques already demonstrate the capability of handling clinical 

samples with a relatively simple device design (e.g., cell separation, cell sorter), during 

the practical usage, the device needs various support of other equipment (e.g., pump, 

function generator, amplifier). This will limit the acoustic device being utilized in the 

research lab environment. Thus, the further development and integration of the fluid 

driving unit, electrical unit, and microscopy will be needed to fully realize the clinical 
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potential of the acoustic devices. Furthermore, besides the therapeutic applications, one 

of the important values of the microfluidic device is to provide the information for the 

point-of-care application. This value can also be suitable for the acoustofluidic device. 

Thus, the further integration between the acoustofluidic device and the downstream 

analysis unit can also be envisioned which may possess great potential for human health 

monitoring.  
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