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Abstract

Acoustic waves, as a form of mechanical vibration, not only induce s the force
directly on the object, but also induces the motion of the medium that propagates
through out the system. The study of acoustofluidic mainly focuses on the exploration of
the underlying mechanism of the acoustic waves and fluid motion and the methodology
of applying th is technique to practical applications . Featuring its contactless, versatile, and
biocompatible capabilities, the acoustofluidic method makes itself an ideal tool for
biosample handling. As the majority of the bio -related samples (e.qg., cell, small organism,
exosome) possess their ative environment within liquid s, there is an urgent need to
study the acoustic induced fluid motion in order to cooperate with the development of
the acoustic tweezing technique. While both the theoretical study and application
exploration have been established for the combination of acoustics and microfluidics, the
fluid motion on a larger scale is still under-developed. One reason is that, although the
acoustofluidic methods hold great potential in various biomedical ap plications, there is a
limited way to form an organized motion in a larger fluid domain, which may lead to the
imprecise manipulation of t he target. On the other hand, the theoretical study for the
microfluidic domain is on the basis of a simplified model with certain assumptions, when
applying to the larger fluid area, and significantly influences both the accuracy and

computation cost.



In this dissertation, we have first developed a series of theoretical and numerical
methods in order to provide insights into the acoustofluidic phenomenon in different
domain scales. Specifically, we explored the nonlinear acoustic dynamics in fluids with
Ul T wxlT UOUDUEEUDPOOwWUT | OUAWEOEwW11 a000EUZ wekUUIT UUwC
streaming can be predicted and designed with our theoretical and numerical study, which
can be utilized for various fluid systems and expanded to practical biomedical
applications. The boundary-EUBD YT QwUUOUI EODP OT win@uéed dtreanidgeateE Uz wU U U
studied and applied to the digital acoustofluidic droplet handling platform and droplet
spinning system, respectively. We demonstrated that within the digital acoustofluidic
platform, the droplet can be manipulated on the oil layer in a dynamic and biocom patible
manner. Meanwhile, in the droplet spinning system, we can predict and guide the
periodic liquid -air interface deformation , as well as the particle motion inside the droplet.
We demonstrated that with the theoretical and experimental study, this pla tform can be
utilized for the nanoscale particle (e.g., DNA molecule and exosome) concentration,
separation, and transport.
Next, basedon our study of the acoustically induced fluid motion, we developed
an integrated acoustofluidic rotational tweezing pla tform that can be utilized for zebrafish
larvae rapid rotation (~1s/rotation), multi -spectral imaging, and phenotyping. In this

study, we have conducted a systematic study including theory development,

acoustofluidic device design/fabrication, and flow sys tem implementation. Moreover, we



have explored the multidisciplinary expansion combining the acoustofluidic zebrafish

phenotyping device with the computer -vision-based 3D model reconstruction and
characterization. With this method, we can obtain substantial information from a single

zebrafish sample, including the 3D model, volume, surface area, and deformation ratio.
Moreover, with the de sign of the continuous flow system, a flow -cytometry -like system
was developed for zebrafish larvae morphological phenot yping. In this study, a standard
workflow is established which can directly transfer the groups of samplesto a statistical
digital readout and provide a new guideline for applying acoustofluidic technique s to
biomedical applications. This work repre sents a complete fusion of acoustofluidic theory,

experimental function, and practical application implementation.
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1. Introduction and Background

Acoustofluidic techniques have brought extensive research interests due to its
unique contactless, versatile, and biocompatible features, especially in life sciences
studies(Ozcelik et al., 2018) While the majority of the biological samples are contained in
the fluid environment, the acoustic induced fluid motio n utility becomes an unavoidable
effect and can be extremdy useful with proper controlling. Generally, the acoustic
induced fluid motion is a phenom enon of energy transfer between the mechanical
vibration and fluid dynamics. In this chapter, we will intro duce the brief history of the
theory and application development for acoustic induced fluid motion, and review the
research works that apply the acoustofluidic methods to the manipulation of object with

different sizes/properties.

1.1 Acoustics induced fluid motion
1.1.1 Basics of acoustic waves

Acoustic wave as one of the classic wave formats, indicates a process oénergy
propagation (wikipedia, n.d. -a). It can propagate through different medium s, e.g., gas,
liquid, and solid, by consistent compression and decompression. Specifically, it presents
a way of particle vibration and moveme nt. With different propagation medium s, the
acoustic wave can express different motions. For example, transverse wave may be

excited when propagating in solids, where particles move parallel to the wave



propagation direction, or longitudi nal waves when propagating in the fluid (i.e., gas and
liquid) displaces particles perpendicular to the direction of wave propagation.
The major parameters to characterize the acoustic waves are frequency, amplitude,
phase, wave speed, ad particle velocity. The classic wave equation can be derived
through the relationship between these parameters in order to indicate the wave
propagation motion. With certain assumptions that simply the physics scenarios, the
linear wave equation can be deduced i UOOwUT Ul T wil OYT UODOT wi gUEUDPOC
(1.1),the continuity equation (1.2), and the state equation (1.3YHansen, 2001; Kinsler, Frey,

Coppens, & Sanders, 1999)

” - n ’
” n O) I p&
L P&

Thus, the basic wave equation can be obtained as:

. T
N (:)B'I'Tn P&
And the acoustic theory starts from this equation and is greatly expanded to
broader research.
On the other hand, as acoustic wave can provide consistent vibration, researchers

found this time averaged effect can provide the force to different objects, e.g., small

particles or liquid s. One classic example is the acoustic standing wave can be utilized to



trap particles with different properties. With the current developed techniques,
nowadays, acoustic waves have beerbroadly applied for particle manipu lation and flui d

actuation.

1.1.2 Acoustic streaming

Generally, when acoustic waves propagate in the liquid, acoustic streaming can be
activated as the acoustic waves are attenuated and the energy is transferred to the fluid.
More specifically, acoustic wave can generate a timeaveraged momentum flux in the
fluid and cause acoustic streaming(Sadhal, 2012; Wiklund, Green, & Ohlin, 2012.
Different flow patterns can be induced by different acoustic excitation s (e.g., frequency,
amplitude) and geometry shapes. The acoustic streaming can be approximately
categorized into three types: Eckart streaming, inner and outer boundary layer stre aming,
and microbubble/microstructure vibration induced streaming. Among the three types of
streaming, the boundary layer streaming is induced by the acoustic energy viscously
dissipated by the boundary layer between the liquid and solid (Lei, Hill, & Glynne -Jones,
2014; Wiklund et al., 2012) This type of streaming is usually seen in the microfluidic
device where the thermal viscous effect cannot be neglected. The inner boundary
streaming can then provide an external force term to the outer boundary layer fluid and
initiate the streaming in a larger domain. The Eckart streaming is another type of
streaming that is induced directly by the acoustic energy dissipation in the bulk fluid.

Within the bulk fluid, there will be a circulating flow formed and aligned with the acoustic



wave propagation path. The microbu bble/microstructure induced microstreaming is, as
the term stated, induced by the vibration of the bubble or microstructure (e.g., sharp
edge). As this small vibration can be driven by the acoustic wave, the generated
microstreaming is usually localized ar ound the vibration source. There are various studies
towards different types of the acoustic streaming. With the understanding acoustic
streaming motion, one research direction is trying to minimize the acoustic streaming
especially when precious particle manipulation is needed. Another research direction is
toward actively utilizing the streaming -induced drag force to complement the insufficient
acoustic radiation force when dealing with small particles. Besides the particle
manipulation, the fluid driv ing can also be useful for different applications, e.g., droplet
manipulation, fluid pumping, and mixing.
1.1.3 Acoustic induced interface deformation

When the acoustic wave reaches the liquid -air interface, the large acoustic
impedance mismatch will ref lect the acoustic wave. At the same time, with relatively large
incidence wave energy, the acoustic radiation pressure will act on the liqu id-air interface
and balance the surface tension. This will cause the liquid-air interface deformation. The
first study on acoustic radiation pressure was by L. Rayleigh(Rayleigh, 1879, 1902)and
further expanded to different research area. Elrod et al. discussed using focused acoustic
beams to generate the doplet formation. The y have investigated the droplet formation

parameters (e.g., time and droplet size) with the relationship of the acoustic parameters



(e.g., frequency and pulse width) (Elrod et al., 1989)in detail . Meanwhile, C. Cinbis et al.
further explored the influence of the surface tension effect during the deformation
process, such aghe maximum deformation height and the time to reach the heigh t(Cinbis,
Mansour, & Khuri -Yakoub, 1993) This study demonstrated the relationship between the
surface tension, acoustic parameters, and deformation, which may be useful especially
using the acoustic wave to identify the surface tension of a certain fluid. N. Berti n et al.
studied the morphologies of the interface deformation induced by acoustic radiation
pressure(Bertin, Chraibi, Wunenburger, Delville, & Brasselet, 2012). They indicated that
the shape of the interface deformation could be the result from the interaction between
the wave propagation and the geometry of the fluid boundary. As these studies are
leaning more towards the theoretical analysis of the phenomenon and revealing the
physics problems. The interaction between the droplet and surface acoustic wave also
attracts various researchersas more applications may be conducted inside or outside the
droplet. Tan et al. demonstrates that capillary wave s are formed on the surface of the
droplet when high frequency acous tic waves are applied to it (M. K. Tan, Friend, Matar, &
Yeo, 2010) Brunet et al. presented that the droplet may experience a creepingjumping
oscillation under the surface acoustic wave(Brunet, Baudoin, Matar, & Zoueshtiagh, 2010).
Within their experiment, they found that the droplet interface deformation is resulted
from the combined effect between acoustic radiation pressure and vortex streaming.

These studies have built on the basis of the acoustic induced interface deformation and



could be expanded to different research topics and combined with the particle motion

inside the droplet.

1.2 Acoustofluidic based object manipulation
1.2.1 Micro/Nanoscale particle manipulation

Acoustic waves are widely known as an effective tool to manipulate particles.
Starting from researchers utilized the classic standing wave to trap single particle with
different properties, various acoustic tweezers technologies have been developedover the
years. As acoustic waves can popagate in different mediums, solid particles containing
in the air and liquid can be manipulated with acoustic generated forces. While the classic
standing wave serves as the basis of particle trapping, further development mainly
focuses on the versatility of the manipulation in 2D or 3D spatial areas. For example,
Marzo et al. demonstrated that by building the ultrasound emitter array, arbitrary
acoustic fields can be accomplished and utilized for dynamic mani pulation of the particle
in air (Marzo et al., 2015) Three different methods of performing the trap are presented
in their work, including the twin trap, the vortex trap, and the bottle trap. This generated
trapping position can levitate and hold one single particle in the air, and by dynamically
changing the position of the trap, particles can be moved along the designed path. This
method significantly expands the capability and versatility of acoustic -based
manipulation. Meanwhile, this dynamic single particle manipulation concept is also

demonstrated in the liquid medium. Yang et al. demonstrated a selfnavigated 3D acoustic



tweezers technique that can provide a stable trapping effect in the liquid (Y. Yang et al.,
2021) With the real-time modulation of the acousti ¢ fields, multiple functions can be
realized with a 1.04 MHz, 256 elements transducer array. Meanwhile, as underwater
acoustic waves have strong transmission capability, the acoustic waves can propagate
through different solid materials with a change of ph ase and amplitude. While this wave
distortion caused by solid material is usually seen as a side effect for precise manipulation,
they applied the time -reversal principle to the system, so that the distortion can be
minimized and the designed acoustic fields can be formed even with the obstacle on the
propagation path. Meanwhile, Ghanem et al. also demonstrated the capability of using
transducer arrays to achieve in-vivo particle manipulation (Ghanem et al.,, 2020)
Benefitting from the high transmission ability of acoustic waves, they indicate that the
stable trapping effect can be accomplished in the animal body. And with the similar wave
modulation method, they are able to dy namically move the particle in the bladder of a
pig. As the transducer array provides a great capability of dynamic manipulation, the
current array technique still targets the particle with relatively large size (e.g., cm to mm)
due to the relatively low frequency. And various small particles that po ssess high
biomedical implications will need higher frequency and smaller devices in order to
precisely manipulate them. Surface acoustic wave as an effective energy delivery method
has been widely studied for particle manipulation (Ozcelik et al., 2018) Different

frequencies and wave fields can be obtained simply by changing the geometry of the



interdigital transducers. With the combination of microfluidics, th e SAW acoustic
manipulation technigue has been developed towards the direction of on -chip
manipulation that can be applied to various biological, chemical, and material science
applications. For example, Ding et al. demonstrate a SAW-based manipulation chip that
can move single microparticles and cells in a contactless, labetfree, and biocompatible
manner (Ding et al., 2012) Guo et al. further developed the 3D surface acoustic wave
tweezer platform that can manipulate the single particle in three -dimensional space in the
liquid (Guo, Mao, Chen, Xie, Lata, Li, Ren, Liu, Yang, Dao, et al., 2016)Along with the
single particle manipulation, they further demonstrate that they can control the cell-cell
distance by modulating the acoustic signal (Guo et al., 2015) Besides the single particle
spatial movement, acoustic separation also expresses great potential in the application of
liquid biopsy, ap heresis, and point-of-care devices. For example, Li et al. demonstrated a
SAW based system that can separate the circulating tumor cells from white blood cells (P.
Li et al., 2015). Since the patrticles with different dimensions will experience different
acoustic radiation forces, by combining with laminar flow condition, particles with
different sizes can be guided at different flow rates and collected from different outlets.
Wu et al. demonstrate a platform that can directly separate the exosome from whole
blood(Wu et al., 2017) With a two -unit system, blood cells can beremoved in the first
unit, and large microvesicles and apoptotic bodies can be further separated out in the

second unit. This method indicates the acoustic wave can be applied tocommon biological



samples and achieve functional material/sample collection for diagnosis and therapy
purposes. On the other hand, with the combination of acoustic waves and acoustic
streaming, even smaller particles can be manipulated in the liquid. For example, Collins
et al. utilize the high frequency acoustic wave and vortex streaming to guide the motion
of nanoparticles(Collins, Ma, Han, & Ai, 2017). With the synergetic effect of fluid motion
induced drag force and acoustic radiation force, nanoparticles can be coneentrated or
separated in a continuous flow. These methods represent a direction of studying and

applying the acoustofluidic particle manipulation technique to various applications.

1.2.2 Droplet manipulation

Besides the solid particles, acoustic waves canalso be applied to the droplet
manipulation study. Some classic directions include droplet vibration, on -demand
droplet generation, droplet ejection, nebulization, and dynamic droplet spatial
manipulation. For example, Foresti et al. present an acoustic droplet levitation method,
showing that with the transducer surrounded , the droplet can be levitated and rotated in
the air (Foresti & Poulikakos, 2014) Meanwhile, with the co nsistent rotation, the droplet
performs a deformation phenomenon and changes to the ellipsoid shape. Brunet et al.
demonstrate that the surface acoustic wavecan induce both acoustic streaming inside the
droplet and liquid -air interface deformation with the synergetic effect of streaming and
acoustic radiation pressure (Brunet et al., 2010) Mutafopulos et al. demonstrate a SAW-

based platform that can generate the droplet containing single particles or cells



(Mutafopulos, Lu, Garry, Spink, & Weitz, 2 020) With the traveling surface acoustic wave,
the acoustic radiation pressure can generate force at the interfacebetween oil and water
medium and push the water droplet to the oil flow. In addition, the size of thedroplet can
be controlled by the acoustic wave amplitude and duration. Chen et al. report a digital
acoustofluidic device that can directly eject the water droplet in an on -demand and oil -
free manner(K. Chen et al., 2018) With an interdigital transducer with a circular
configuration, the acoustic energy can be focused on a small area near the liquienir
interface and generatea strong force to push the droplet to the air. This method indicates
a simple way of droplet ejection and generation with a controllable volume. Rajapaksa et
al. demonstrate an integrated surface acoustic wave based nebulizer system that can
generate the mist containing shear sensitive biomolecules(Rajapaksa, Qi, Yeo, Coppel, &
Friend, 2014) This method indicates a significantly effective way for dr ug delivery and
vaccination therapy. Furthermore, Zhang et al. developed a digital acoustofluidic
platform that utilizes the interdigital t ransducer array to achieve the dynamic, rewritable,
fluid droplet spatial transport (S. P. Zhang et al.,, 2018) They utilized the acoustic
streaming effect generated in oil to drive the motion of the water droplet on top of the oil
layer. This method represented a novel method for non -contact and label-free digital fluid

processing.
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1.2.3 Small organism manipulation

Model organism studies can provide numerous insights for drug screening,
disease modeling, and genetic/cellular mechanism exploration. Acoustofluidic techniqu es
as a noncontact manipulation method can provide the desired alignment for small
organisms, which can be combined with microscopy or bioassay technigues. Specifically,
acoustofluidic manipulation can provide the acoustic radiation force and induce acoustic
streaming effect for organism imaging and sorting. For example, Ahmed et al.
demonstrate an acousticbased, on chp control technique for single cell and organism
manipulation (Ahmed, Ozcelik, Bojanala, Nama, Upadhyay, Chen, Hanna-Rose, et al.,
2016) They designed a microfluidic channel with the cavity o n the channel sidewall. With
the fluid flowing through, the cavity can form/trap the microbubble in it and form the
liquid -air-solid structure. With the acoustic excitation, the microbubble can generate the
vibration and further induce the vortex streaming nearby. Multiple microbubbles induced
vortex streaming can collectively generate the rotational motion of the C. elegans. Thus,
with th e rotational manipulation of the C. elegans, Multiview imaging can be obtained
with the microscope. Furthermore, Ozcelik et al. demonstrate that by utilizing the sharp
edge solid structure, similar acoustic streaming can also be initiated and utilized for C.
elegans rotation(Ozcelik et al., 2016) On the other hand, Zhang et al. develop a SAW-
based device that can be utilized for C. elegans rotationJ. Zhang et al., 2019)With the

specific excitation manner of two interdigital transducers, the C. elegans can be rotated
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along with different directions (i. e., clockwise, or anti-clockwise) or be fixed in the middle
of the channel. By tuning the acoustic amplitude, the rotation speed can be modified as
desired. Moreover, they utilized the pulse signal to achieve the jogging mode of the
rotation which can obtain the 2D image for certain angles of the organsm. And they
further demonstrate that by combining with the fluorescent detection unit and flow
systems, they can achieve C. elegans sorting with the specific labeled fluorescent signal
using surface acoustic waves(J. Zhang et al., 202Q)Besides the small organism rotational
manipulation, Yang et al. demonstrate an acoustic confinement method that can levitate
and align the zebrafish larvae in the air(Z. Yang etal., 2019) They also demonstrate the
potential of combing the acoustic setup with advanced microscopy technique (i.e., light -

sheet microscope) so that highresolution image s can be obtained for in-vivo phenotyping.

1.3 Dissertation outline

This dissertation describes our research effort on exploring the underlying
mechanism of acoustic induced fluid motion and designing new devices that can be
utilized for different small object manipulation (e.g . particle, droplet, and small
organism). Chapter 2-6 are expanded version of published, submitted, or prepared
research manuscript. A short motivation and a brief state -of-the-art work introduction are
discussed at the beginning of each chapterto introduce the innovation and features of our

study.
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Chapter 2 presents the theoretical and numerical analysis of the acoustofluidics
based technique, including the surface acoustic wave generation and propagation, fluid
motion driven by acoustic wa ves, and corresponding patrticle force analysis. We have
revisited the basic formulas and introduced the general principle when simulating and
characterizing the acoustofluidic phenomenon.

Chapter 3 introduces more specific fluid motion actuated by acousti ¢ waves, that
is the vortex acoustic streaming. Different scenarios involving acoustic generated vortex
streaming are discussed including standing surface acoustic wave induced small vortices,
travelling surface acoustic induced vortex in a relatively large domain, an d the vortex
streaming in a spinning droplet. Detailed theoretical and numerical simulation are
discussed.

Chapter 4 demonstrates a novel acoustofluidic device we have developed that
utilizesUT 1T w? x OOEUDPAT EwUUUI E O mudtiorind réativeipiFodd fluiduOE N1 E U u
domain. Device design, fabrication, and mechanism are introduced. Then patrticle tracing
and zebrafish rotational manipulation are demonstrat ed in order to validate the
performance.

Chapter 5 introduces an acoustofluidic rotational tweez ing system building based
on the device we described in the previous chapter. 3D multispectral imaging and 3D

reconstruction functions are developed and integ rated with the device to form the ART
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system. This enables the contactless rotabnal manipulation and highly efficient 3D
imaging of different objects, e.g., zebrafish larvae, yolk, and inside organs.

Chapter 6 describes the substantial effort buildi ng the flow system and
characterization standard in order to obtain the quantita tive analysis of the zebrafish
morphological features (e.g., zebrafish body abnormal ratio, and organ volume/surface
area) and provide statistical analysis for different groups of samples.

Chapter 7 summarizes this dissertation and presents perspectives br future study.
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2. Theoretical Aspects of Acoustofluidics

Acoustofluidics devices have been applied increasingly in biological sample
handling (e.g, bio-particle manipulation and liquid handling ). Understanding the
theoretical aspectsof acoustofluidics is significant for revealing the underlying working
principle of the devices and developing novel devices with advanced functions.

In this Chapter, we summarized the theoretical models of common physical
processes in acoustofluidic devices. Sections 2.1ntroduces the theory of the generation
and propagation of surface acoustic waves (SAWS) in the piezoelectric substrate. Section
2.2 presents the theory of non-linear acoustic dynamics in the fluids, which includes
acoustic wave propagation and acoustic streaming. Section2.3 describes the mechanism

of particle manipulation using acoustofluidic devices .

2.1 Motivation

This section introduc es the background and theory of generating surface acoustic
waves (SAWSs) in acoustofluidic devices and the phenomenon generated by the SAWs
propagation.

Surface acoustic waves are the non-dispersive electro-mechanical waves
generated near the surface of the elastic solid medium . During the wave U propagation,
their displacement exponentially decays in depth direction away from the substrate
surface so that the acoustic energy (usually >95%) is confingl in a layer with a depth equal

to one wavelength near the surface of the substrate(Morgan, 1973). Sincethe uUNKY z UOwUT 1 1
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SAWSs devices have been applied in electronic and communication systems to achieve
multiple functions, including signal filter and signal processing (Atanasoff & Hart, 1941;
Datta, 1986) With the emergence of the interdigital transducers (IDTs), SAWs with a
broad range of wavelengths were artificially engineered in the piezoelectric substrate to
achieved versatile capabilities. The IDTs contain a series of interleaved metal electrodes
deposited on the surface of the piezoelectric substrate as shown inFigure 2.1. The width
of the electrodes equals to the width of the gaps in between. Through the piezoelectric
effect, when applying alternating electric voltage to the electrodes, the electric field
penetrates the piezoelectric substrateand2 6 UwbPDUT wEWPEYT O OT &Il woOi wht
3171 wbhbEYI @duédtodfduntimes of the width of electrode.
Microfluidics, which first emerged during the UNA Yz UOWUUUEDT UwUOT 1 wi C
channels with dimensions in micrometer scale (H. Li, Friend, & Yeo, 2007; Terry, Jerman,
& Angell, 1979). With the rise of the microfluidics , lab-on-a-chip systems combining the
SAWSs and microfluidics have been developed for application, inclu ding chemical sensing
(Barnkob, Augustsson, Laurell, & Bruus, 2012; Fu et al., 2017) particle manipulati on
(Collins, Khoo, et al., 2017; Guo, Mao, Chen, Xie, Lata, Li, Ren, Liu, Yang, & Dao, 2016;
Mao et al., 2017) and liquid processing (M. Alghane, Chen, et al., 2012; S. P. Zhang et al.,
2018) These systems, as a portion of acoustofluidic devices, presentsessential
characteristics, including compact dimensions, bio-compatibility , label-free, and

inexpensive.

16



The SAW-based acoustofluidic devices are an acoustic-driven microfluidic system that
use SAWs to activate fluidic or particle motions. As reported by (Viktorov, 1967), SAWs
(also known as Rayleigh waves) contain transversal wave components and longitudinal

wave components with a lag in phase (Figure 2.2). Thus, the particles at the substrate
surface oscillate in an anticlockwise eclipse path as the SAWs propagate rightwards.
When the SAWs meet liquid loading on the substrate, the SAWs will obliquely leak into
the liquid and generate acoustic fields insidethe liquid medium (Figure 2.1). In the SAW-
based acoustofluidic devices, the handling of liquid/particle can be performed by utilizing

the force induced by acoustic fields.
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Figure 2.1: lllustration of SAWs propagation in piezoelectric  substrate and the leaky
SAWs in the liquid. f:wavelength of the SAWs. PJ: Rayleigh angle.
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Figure 2.2: Rayleigh SAWs propagation in the elastic solid. a, Displacement field
distribution in the substrate. b, The displaceme nt amplitude decays away from the surface
of the substrate (Feenstra, 1978)

17



2.1 SAWs in piezoelectric substrate

The 128° ¥-X cut lithium niobate ( LiNbO s) is a piezoelectric material which has
been wildly used as the substrate for SAW-based acoustofluidic devices for the generation
of SAWSs by applying alternatin g current signals to the IDTSs. In this substrate, an applied
alternating current signal to the IDTs can generate the strain and surface acoustic waves.

The mechanical vibration of the piezoelectric solid is governed by the momentum
equations. The charge conservation equation governs the electrical behavior in the
piezoelectric materials. In the piezoelectric material, the stress, strain, electrical
displacement field, and the electric field are coupled as expressed by the constructive

equations (Kannan, 2006)

Y 6 JY Q 0h P
O Q JY f J0h q:3
These equations are sated in the stress-charge form. In the equations, Y is the stress
vector, "Y is the strain vector, O is the electrical displacement, O is the strength of the
electric field, & is the elasticity matrix (. 71 ), Q is the piezoelectric matrix (## ),
and] is the permittivity matrix ( &1 ).
The electrical field strength 'O can beestimated by calculating the gradient of the

electrical potential « : O —. The governing equation of the displacement in the

piezoelectric material can be acquired as follows (M. M. Alghane, 2013):
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In acoustofluidics, the SAWSs obliquely leak into the liquid medium situated on the
substrate and manipulation of the flow motion and particles within the liquid. The
vibratory velocity of the surface of the substrate induced by 2D standing Rayleigh SAW
can be modeled by the classic analytical expression(Guo, Mao, Chen, Xie, Lata, Li, Ren,
Liu, Yang, Dao, et al., 2016)
v 7 Q Q ¢®
0 Q1 Q Q &
where ? is the ratio between the amplitude of longitudinal vibration component and
transverse vibration component of Rayleigh SAW, 0 indicates the displacement
amplitude of the transverse vibration component, and | indicates the attenuation

coefficient of the amplitude of vibratory d isplacement along the route of the wave

propagation .

2.2 Non-linear acoustic dynamics in the fluids
2.2.1 Perturbation theory

In acoustofluidics, the non-linear acoustic dynamics is the fundamental principal

for the applications. The dynamics in viscous compressible fluid is governed by the
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continuity equation (mass conservation) and the compressible Navier-Stokes equation

(momentum conservation) (C. Chen et al., 2018)

—., 1070 mh X

—a

. P =
” ” n ‘ n _‘ ‘ rl rl
o o o N o 5 D h & 1]

—a

where "l , and* are the mass density, dynamic shear viscosity, and dynamic bulk
viscosity of fluid, respectively; 1) and o are velocity and pressure in the fluid, respectively.
By assuming a linear relation between pressure and density, the constitutive relation
between the pressurer) and fluid density ” can beexpressedas(Nama et al., 2015)

n w"h N
where @ is the speed of sound in the fluid medium . The non-linear acoustic dynamics in
the liquid inc lude the acoustic waves propagation and the resulting acoustic streaming.
The acoustic streaming is a steady streaming commonly observed in the acoustofluidic
devices. Therefore, the fluid motion generated during the acoustic process compose of
two components: (1) acomponent in fast time-scalewhose period equals to the period of
the substrate vibration generated with acoustic wave propagation, and (2) a component
in slow time-scale The slow time scale component is generated because of theviscous
dissipation . This component is known as the acoustic streaming, which can be considered
to be steady comparing with the fast time scale component (Nama et al., 2015 w- a EOQUT z Uw

perturbation assumption was applied to expand the fluid velocity, pressure, and density

to the sum of component with different time -scales:
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Among Eqgns. (2.10), the subscript ‘Qefer to the jth order component of the variables, i.e.,

~ O(- ), where - is a small dimensionless parameter. With the small dimensionless

parameter, Egs. (2.10) can also be written as:
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By substituting Eq ns. (211) into the governing equations and collecting the zeroth-

order terms O(- ), the Oth-order equations that govern the background flow velocity,

which is not relative to acoustic dynamics, can be obtained as:

"nJo  Th P q

"Ti"of)lo np ‘n oo P nn» h cpo
T o o

is the bulk

in which ” is the density of the fluid, * is the dynamic viscosity of th e fluid, *
viscosity of the fluid, and o is the background flow velocity.

By collecting the first-order terms O(- ), the 1storder equations that govern the

acoustic field can be obtained as:

h T

SRV

=
=

&
3¢

21



For harmonic acoustic field (r; »o n »Q ), the 1storder equations can be written
as:

Q" ndo mh QN0

" "Qlo O ‘n oo g‘ “ nn» h P X

where “Gs the imaginary unit, "Q=-1. Similarly, By obtaining only the second-order terms

O(- ), the 2nd-order equations can beacquired as:

— "ndo 12" o mh P Y

O O o
” T ” T ” ‘ CB)_‘ ¢ rlrl:)) h Cfﬁ)(.o

As the acoustic streaming is a steady fluid motion, by performing time average each term
in these equations, thegoverning equations of acoustic streaming can bederived as:
"nJp O N o G C& T

MO ‘N0 = IO Qo O " 6o Nodh & p

Qlo

where &> »d Oindicates that the term was integrated and averaged in a time equals to
the period of acoustic waves. The mass source term (1 3 o & and the force sources
terms (" Qo O " 6o 3 o § on the right sides of Egs. (2.20) and (2.21)reify the
resulting effect of the 1st-order on the 2nd-order problem .

Thus, the fluid dynamics including the background flow, propagation of acoustic
waves, and acoustic streaming can beexplored by solving Eqns. (2.12), (2.13), (2.16§2.17),

(2.20) and (2.21)
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The governing equation of acoustic streaming are the continuity equation and the
Navier -Stokes equation:

T Lt C& ¢

" o o nr ‘n o ‘ g‘nn:)a 3 Cq o

where " is the fluid density, * and ‘ are the bulk viscosity and shear viscosity, om.is the

steady streaming velocity, and 5 is the external body force. In this case,q in Eqn. (2) is the

acoustic process induced body force that generate acoustic streaming which can be
express as the spat Ow T UEEDI OUw O uM Alghdie2OEnery at @l Poild) U

Lighthill, 1978)

O R — g T

in which o is the leaky SAW velocity, and the subscripts i, j, k represent the
components of the variable. The Egn. (2.24) can be expaned as:
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Since the harmonic leaky SAW displacement¢ can be approximately expressed
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By taking 0 Q6 and taking Eqn. (4a)-(4c) into Eqgn. (3), the leaky SAWinduced

body force cab be expressed asl

O m & x A
O p | 0871 QQ & x A
O p | 01 O Q & x A

where | n .

2.3 Particle motion
2.3.1 Acoustic radiation force (ARF)

For a spherical particle suspenddad in the fluid, it experiences an acoustic radiation
force which is induced by acoustic scattering on the particle. The acoustic radiation force
is one of the two essential forces that drive particle movement in the acoustofluidic
devices. This sectionintroduces the theoretical model of the acoustic radiation force for a
spherical particle.

The theoretical expression for the acoustic radiation force on an incompressible
particle suspended in the inviscid fluid was derived by (King, 1934). The acoustic
radiation force for a compressible particle was derived by (Yosioka & Kawasima, 1955)
Based on these works,the acoustic radiation force for a small spherical particle (diameter

smaller than a wavelength of the acoustic wave) can be expessed asp& OUz OQY Ow
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where” and Qare the density and speed of sound of the fluid, &,” , and @ are the

volume, density, and speed of sound of the particle, respectively. Here thery and o are
the acoustic pressure and acoustic particle velocity. This theoretical expression calculates
acoustic radiation force for particles suspended in fluid with arbitrary acoustic field
distribution s.

By taking the expression of 1D standing acoustic wave (]| 0 @£7i 00 ¢ Q)
into the above expression, the acoustic radiation force generated by 1D standing acoustic
wave can be reduced to

O ®O ®i WQw (& @

where

s L8 & &
cn ” (I)u C

where O is the acoustic energy density, Qis the wave number, and  is the acoustic
contrast factor relative to the density and compressibility of the medium and the particle.

The positive value of the acoustic contrast factor determines that the particle will be
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moved to pressure nodeswhereas the negative value of I3 indicates that the particle will

be moved to the antinodes of the standing acoustic wave.

2.3.2 Drag force
In acoustofluidic devices, viscous drag force is another essential force that drives
the movement of the particles suspended in the fluid medium. The viscous drag force
acting on a particle sufficiently far from the walls can be formulated by the Stokes drag
force (Guo, Mao, Chen, Xie, Lata, Li, Ren, Liu, Yang, Dao, et al., 2016)
im  ¢" Y'og o. ¢ 1
where o_jis the velocity of the particle and ogis the velocity of the fluid. The particle

motion driven by the acoustic radiation force and the viscous drag force can be described

by:
r ’(b-
Qo 1t m ®p

where m is the mass of the particle.

2.4 Summary

In this chapter, we introduced the basic governing equations of the acoustofluidic
phenomenon, including the SAWSs generation and propagation in the piezoelectric
substrate, non-linear acoustic dynamics and the generation of acoustic streaming, and
particle movement driven by acoustic radiation force and viscous drag force . On the basis

of these theoretical frameworks, theoretical analysis and numerical modeling are
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performed in the following chapters to explore the working mechanism of acoustofluidic

device with different setup s.
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3. Vortex-streaming Acoustofluidics

In this chapter, we explored the generation and application of vortex streaming
with multiple patterns and dimensions using acoustofluidic devices. Sections 3.1
introduces the streaming pattern in the classic standing SAW device and the slip velocity
method to simplify and reduce the calculation amount in the numerical simulation of
acoustic streaming. Section 3.2 presents the vortex streaming pattern generated by IDTs
merged in the oil and the application of this streaming pattern for droplet manipulation.
The work presented in this subsectionhas been published onLab on a ChigC. Chen et al.,
2018) Section 3.3 describes the vortex streaming pattern and particle concentration
mechanism in the spinning droplet. Most of the work presented in this subsection has
been published on Science AdvancefGu et al., 2021) Lastly, we summarized the

generation and capabilities of the vortex streaming pattern we discussed in this chapter.

3.1 Acoustic streaming by standing SAWSs

The typical configuration of generating standing SAW (SSAW) in microfluidic
devices is bonding a microchannel or microchamber between a pair of interdigital
transducers (Figure 3.1). When AC signals are applied to the IDTs, two SAWSs with the
same frequency and uniform amplitude are activated and propagate like two plane waves
in opposite directions. The SSAW fields in the microfluidic channel/chambers with static
fluid has been broadly applied in on -chip cell culture, cell patterning, and cell-cell

interaction studies. The acoustic streaming generated within the SSAW devices are also
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applied to manipulate objects in these studies (Guo, Mao, Chen, Xie, Lata, Li, Ren, Liu,

Yang, Dao, et al., 2016) In these sections, weexplored the acoustic streaming pattern

generated by SSAW andintroduced a numerical simulation method call ed? UOD x wY 1T OOE D (
Ol U1 OE» wUT EVUWEEOQwUI EUETI wEEOEUOEUDPOOWEOOUOUWI OL
large fluid domain.

3.1.1 2D Numerical model

Due to the uniformity of the SSAW along the long longitudina | direction of the
channel, the numerical model of the classic SSAW can be reduce to a 2D modeling on the
lateral cross-section of the device. Figure 3.1 shows the crosssection of the typical SSAW
device configuration, in which the fluid is confined in a PDMS channel bonded on the
substrate between a pair of IDTs. The rectangular fluid domai n which has a width of W

and a height of H, was selected to be the omputational domain for the numerical

modeling.
PDMS
. — =
g water H
L»x 2o I ] IDTs
| | £2; Th ||
[ LiNbO, ]

Figure 3.1: The schematic showing the classic SAW device at a cross-section view . ¢ ::
and e . indicate the area of inner acoustic streaming (Stokes boundary layer) and the area
of the outer acoustic steaming, respectively. The boundary of the two area( ) is marked
by a blue-dashed line.
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In this study, the frequency of the SAW is set to be 13 MHz (corresponding to a

PEYI O O1 U1 w @ iAsutheAdistybyitiorzobthe SSAW and the resulting acoustic

streaming pattern is periodic, we set the channel width (W) to 300 um and height (H) to

tuy Y wié study the typical physics within o ne wavelength. The governing equations are

Egs. (2.16), (2.17), (2.20), and (2.21) atated in Section 2.21. The parameters used in this

study are listed in Table 31.

Table 3.1: Value of the variables applied in the simulation (at 298K) (Nama et al., 2015)

Density of water

Speed of sound in water
Dynamic viscosity of water
Kinematic viscosity of water
Speed of sound in LINbO 3
Density of PDMS

Speed of sound in PDMS
Driving frequency
Wavelength of SAW

Displacement amplitude

Amplitude ratio between the longitudinal and
transverse vibrations of Rayleigh SAW

Displacement decay coefficient

997 kg/m3

1495 m/s

ygo pm Pal3
8.93 p m m¥s
3900 m/s

970 kg/m3

1080 m/s

13 MHz
300pum

0.748 nm

0.7428

176 m?

Solving the acoustic streaming patterns in a fluid field contains two steps (Guo et

al., 2015; Guo, Mao, Chen, Xie, Lata, Li, Ren, Liu, Yang, Dao,tel., 2016) First, the first-

order equations (Egs. (2.16) and (2.17)are solved to determine the 1st-order SSAW field

in the fluid domain. Based on the first -order solution of 1, and o , the mass source term

30



(& n 3 o Q and the force sourcesterms (§y ” Qo O ” 60 3 o Q on the
right side of Eqgs. (2.20) and (2.21fan be determined. These termsshow the effect of the
first -order acoustic field on the second-order acoustic streaming pattern. Second the 2nd-
order acoustic streaming problem is solved in the fluid domain based on the first-order
solution from the first step. This model follows th e methods in the work of (Guo, Mao,
Chen, Xie, Lata, Li, Ren, Liu, Yang, Dao, et al., 2016) The abovestated problem is solved
via the finite element software package COMSOL Multiphysics 5.2a. A? 31T 1 UOOYDUEOUU
vibration velocity of the piezoelectric substrate of the 2D standing Rayleigh SAW pattern
(Egs. (2.5) and (2.9) is applied as the boundary condition at the bottom of the water
domaind w w? OO U OE O hddtdary cBriflitiol Iwith the impedance of the PDMS is
applied to the two sides and top of the fluid domaind w w? %UI dU1 OEaw# OOED O~
applied to solve this boundary value problem at the driving frequency 13 MHz. Next, a

and (2.21)) based on the 1st-order solution in the whole fluid domain from the previous

A O

step. The mass source term @ n 3 o § and force source terms §y " —O

2YOOUOI wi OU E Mhe botr@&yEchndifd® 6f@ 6 O w2 O Dis applied@oatt the

boundaries. The secondorder problem was solved usinga? 2 UEUBOQEOOYI U
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The solution of absolute acoustic pressurer (1storder pressure) and acoustic
streaming velocity &0 Qlaveraged secondorder velocity) are shown in Figure 3.2a-c. As
shown in Figure 3.2a, two pressure antinodes are generated by the leaky SSAW in the
channel with a width equal to one wavelength. Figure 3.2b shows that four vortex
streaming are generated in the acoustic fields with two pressure antinodes, and the speed
of streaming is relatively high near the bottom and decreases as the height increases.
Figure 3.2c, which zooms in the acoustic streaming ¢ adistribution in a layer at the
bottom with a thickness of 47 (0.588 um in this case). In thisthin layer, the streamlines
are almost horizontally distributed lines, which indicates no vortex tendency. The
streaming velocity gradually inc reases from zero (at the bottom) away from the channel

bottom.

Figure 3.2: Simulation results of the acoustic field and acoustic streaming in the classic
SAW device. The problem was solved using the traditional approach. a, Color plot
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showing the amplitude of the 1st-order pressure == in the fluid domain ( ¢:z ¢.). The
color map indicates zero value in blue and highest value of 0.28 MPa in red. Two pressure
anti-nodes are generated within the one-wavelength-wide fluid domain. b, Acoustic
streaming velocity ¢ &in the whole fluid dom ain (value: minimum: zero (blue),
maximum: of 4.32x16* m/s (red)). The streaming pattern are shown by the streamlines
with arrows. Four vortices are generated by acoustic field with two anti -nodes. c,
Zoomed-in figure of the streaming in the inner boundary layer (thickness: 4#,

8 A for 13MHz SAW in the water medium ). The streaming velocity in the boundary
is mainly in the horizontal direction. The streaming speed has a minimum value at the
bottom and a maximum value at the top of the boundary | ayer.

To further evaluate the variation tendency of variables in the vertical direction in
the channel, the averages of the variableson the horizontal lines are calculated. We define
the horizontal line average function "Qa for a variable "Qafti to be the integration of the
absolute value of "Qafx on a horizontal line at depth z in the channel divided by the
channel width W:

_s0cfis0g

“Q(i]
w

oP
Figure 3.3 shows the normalized average functions along the line for the time-
averaged horizontal (6 , black) and vertical (0 , green) components, respectively. Thed
is zero at the bottom; it reaches tothe maximum at around z=2.23  (0.338 um); it starts to
decrease to another minimum at the center of the vortices; then it increases againwith
increase in the z value. The value of U is zero at the bottom; it reaches to the first
maximum at z=21.179 um (vertical positi on of the center of the vortices); and it decreases
to zero again at the top of the domain. The "Qa& of the curl of the force sourceterm @@ 5 )

and the mass source term () is normalized based on their maximum value (1.066 10

N/m+#at z=Ofor & and 56.245 P#¥ s/m? at z=Ofor 1 5 ,). These values vibrate sharply
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within the area of U0 1ip ¢ P& ¢ &. The sharp vibration section of the curvesis

zoomed in in the right -top corner of Figure 3.3.

1.0-' v  ‘- 1'.0-'- " i v v v T
8 0.} 2ol
E I = 0.6}
o ' € 0.2}
v ]
N 04p =
© ' 0.0
£
£ 0.2}
: p
0.0 .l— 2 2 2 2 ~ 2 = o 2 "
0 20 40 60 80 100

z (um)
Figure 3.3: Change of the normalized line averages | » over z value. The normalized
| » was measured for the variables including absolute value of ¢ (horizontal

component of streaming velocity), o (vertical component of streaming velocity), O
(mass source term) and 3 y(curl of the force source term).

3.1.2 Boundary driven streaming

As stated by Sadhal(Sadhal, 2012) acoustic streaming can be categorized into two
main types| the Eckart streaming, which results from spatial attenuation of waves in free
space, and boundary-driven streaming, whi ch is due to the friction between a solid wall
and a fluid medium and is main ly confined within the thin boundary layer. The theory of
boundary -driven streaming, which is a major type of acoustic streaming found in the fluid
environment of microfluidic dev ices, is thebasic foundation for a solution to this problem

(Sadhal, 2012) Based on the principle of boundary-driven streaming, the acoustic
34



streaming is generated because of thefriction between a vibrating interface between the
solid and the liquid domain . This effect mainly existswith in a thin viscous layer adjacent
to bottom boundary of the fluid domain . The thickness of this layer is closeto the Stokes
boundary layer . The thickness d the Stokes boundary layer in in the range of * ¢’ A,
where ¢ is the kinematic viscosity of fluid and 5 is the angular frequency of the acoustic
wave (Manor, Yeo, & Friend, 2012). Because of thesignificant viscous dissipation lies in
this viscous boundary layer, a steady fluid motion called inner streaming or Schlichting
streaming is driven in the viscous boundary layer (Manor et al., 2012; Rayleigh, 1884;
Sadhal, 2012; Wiklund et al., 2012) The velocity of the inner streaming at the top of the
boundary lay eris called ? U OB x w\6IwBd BRI U drives dn¥ fluid ddiidnihdhe w
fluid upon the inner streaming domain, which is called outer streaming or Rayleigh

streaming (Figure 3.4).

outer streamtng
vslw sl:p
3 ‘Qi =
—_— .
—_—inner streammg 0(51!)
—p Stokes boundary layer — —_ |

vibratory liquid-solid interface
Figure 3.4: Boundary driven streaming.
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3.1.3 Slip Velocity Method

Based on the abovementioned boundary -driven streaming mechanism, we

speculate thatif one knows the profile and value of the ? U O b x wY, thelo(ré&r Eirdaaming

pattern can be solvedasU T I wi OUPEwWOOUDPOOWEUDYI OwEawli 1 w?2UOD:

domain. In this way, there will be no need of solving the 1st-order and 2nd-order acoustic

streaming governing equations (Guo, Mao, Chen, Xie, Lata, Li, Ren, Liu, Yang, Dao, et al.,

2016; Nama et al., 20%) in the bulk fluid domain . In this regard, numerical simulati ons

require large calculation amount can be performed efficiently. Here, we present a novel

numerical simulation strategy + UT T w? UOD x wY | GdxbayrkacodsticStiedring w

based o the acoustic fields and inner streaming within the viscous bound ary layer. We

UUT EwOT T w?2UO0DbxwYl OOEPUa WOl UT OE2 wOOwWUOOYT wiOT 1 wl

shown in Figure 3.1. By comparing the solution from this method to the solution from the

traditional method, w e validated UT | wi I EUPEODOPUWH wWOOBLD U A w@UUT OE- 8
From the exploration in the previous subsection, the value of the mass source term

and body force term and the resulting second order acoustic streaming velocity is much

large in a thin layer near the bottom of the channel than elsewhere. The SSAW-induced

acoustic streaming in the microfluidic channel in Figure 3.1 is considered as boundary-

driven streaming. As a result, the Rayleigh streaming in ; can be solved based on the

original fluid governing equation with ? U OB x w Yds & koBndaxy»condition at the

bottom.

36



Usingthe? UOD x wY I O O Etiebétaugiréabhing’x&mbe solved by following
three steps. (1) Sole the acoustic field (Egs. 2.16) and (2.17)) in  (inner streaming
domain). (2) Solve the acoustic streaming pattern (based on 2nebrder Egs. (2.20) and
(2.21)) in . Then, capture the value of the acoustic streaming velocity at the interface
between and aso  (slip velocity). (3) Solve the original governing equations for
the fluid motion (Egs. (2.7) and (2.8)) in  (the outer streaming domain) and applied o
as the boundary condition at the bottom of
A COMSOL model was set up following this three-step procedure of the ? UOD x w
YI OOEPUauwidply &#8317 1 UOOY b U E O Uidtewfacé bl tbeEatoustiow
field governed by Egs. (2.16) and (2.17n . Egs. (2.5) and (2.6)standing SAW vibration
velocity) were applied at the bott om of the domain as the boundary condition. The
200UCEOwWDPOx] EEOPUT wBPbOOENEDOO woi w/ #, 2z 0UwbOx1 EEC
conditon PPUT wUOT 1T wYEOUI wafce was Biplied A WD OBUEOEaw# OOED
solver is applied to solve the problem at 13 MHz. (2) Appy a ? + E O B O E Unie¥te@eXxdr -
solve the inner acousticstreaming in  -((Egs. .20 and (2.21).A? OO wU ODb x wbEOO? wE O«
was applied to the bottom, left, and right boundaries. Apply an ? O U U ¢hdliicn to set
the pressure at the top of the domain to zero.A ? 2 UE U P O O E 10 soiveutie@aty U

inner acoustic streaming was applied. Last, the distribution of the streaming velocity at

the top of the inner streaming domain (o ) was extracted. (3)Another ? + EOP OE U w%O O b 2
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interface to solve the original continuity and Navier -Stokes equations (Egs.2.7) and (2.8))
in the outer streaming domain ( ) was applied. The o  acquired in Step (2) to the
bottom of the outer streaming domain was used asa? UOD x wb E O OFheutoin@E b U D OO
conditions at other boundaries of domain ;t0a? OOwWUODx whP E éasset BOOED UD (
22 UE UDOOE wxove therdamibgupattern in -, was applied. The domain is
divided into mapped rectangular meshes. The height of the elements in the Stokes
boundary layer was set to] . p 1iHeight of elements in the bulk fluid were set t0 0.2 um.
This mesh division reaches therequirement of the mesh convergencerequirement (Nama
et al., 2015) This mesh was reliable to acquire results which sufficient accuracy.
As the outer streaming is activated by o in the slip velocity method,
determining the thickness of the inner streaming domain (h) which provides the accurate
o is essental for the accuracy of the entire streaming pattern. As shown in Figure 3.3,
the amplitude of 6 varies sharply near the bottom of the inner streaming domain . Thus,
slightly shifting the position of 4 will significantly vary the value of 2 UOD x wYdnd® OED U A »
the resultant outer streaming pattern. Determining the position of + at where 6 reaches
the maximum is not proper because the value of 6 has the fluctuant distribution in
horizontal lines . Considering this, we explored the distribution of the mass source term
(& ) and the curl of the force source term (1 3 ) as well. As shown in Figure 3.3, the
averaged absolute mass source term decreasesharply from its maximum at z=0. In the

areaabove the horizontal line z=5 , the amplitude of & becomes much smaller than the

38



one below the line z=5 . This indicates that the mass source term mainly affects in the

areawithin z=§ . For the distribution of the curl of the force source term (1 3 ), which

is the main factor of the streaming vortex, also affects mainly in this area (Figure 3.3). The

mass source term and force source termsembody the effect of the acoustic field on the

acoustic streaming. Thus, this effect mainly penetrates a fluid layer near the bottom (~3 )

and induces the fluid motion. As a result, the thickness of the inner streaming layer was
optimizedtobe ~§ | OUwWUT 1T w?2UO0DxwYIl OOE P OanawSidnOlu OER @& uB OfuY
Y1 OOE DB Ua iséppligd t&® $blve the outer streaming with various thicknesses of

and we compared the results of each settingwith the corresponding streaming velocity

solved by the traditional approach. The results are stated and discussed in the next

subsection.

3.1.4 Validation of the slip Velocity Method

To evaluate the similarity betwe en two solutions (one from the traditional method,
and another one from the slip velocity method) , we calculated a relative convergence
function to evaluate the similarity of a solution "Qaftr solved by the slip velocity method
and a reference solution 'Q «fx solved by the traditional approach in the entire

computational domain. The convergence function is defined as

MM N Qw
. Q0 Qw
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where wis area of a2D computational domain or the volume of a 3D computational
domain. Small values of the convergence function value indicates a good similarity
comparing with the reference solution . We calculated the convergence function for the
horizontal component (6.) and vertical component (U.) of the inner streaming velocity in

- the horizontal component (6; )gnd vertical component (U; &)f the slip velocity at
the interfacet, and the horizontal component (0; 4 ;)@nd vertical component (U; 4 ¢)cff

the outer streaming velocity in =~ .

a b
1.2 v 0.35p=r
: -4—“2 g
o = 030}
.6 o
z 5 0.25p
re s 0.20f 2
8 g —— Vz
5 g 0-1 5 * us"p
4 & 0.0f — Vsiip
°>, E —*+=Uouter
c 6 005p _
8 " A i " " i .- o 0.00 L= o.u'er A " ' i i i "
0 5 10 15 20 25 30 715 20 25 3.0 35 40 45 50 55 6.0
thickness of Stokes boundary layer (x5, ) thickness of Stokes boundary layer (xJ,)

Figure 3.5: The change of the convergence functions the variables over the inner
streaming domain thickness (h). The convergence functions were calculated for the
following variables: (1) horizontal and vertical components of the inner streaming velocity
(© and o in ¢3), (2) horizontal and vertical components of the slip velocity (¢ ya :@0d
Oya 00 ), and (3) horizontal and vertical components of the outer streaming velocity
(0. <>”<iu;d 0. o «»*-). The horizontal axis is the value of ¢ :thickness shown in the
format of the times of the #, (0.147 i for 13 MHz frequency in the water). The
convergence of thed. o (@pd 0. o (Lgach their minimums of 0.04594 at h=3.8#, and
0.04256at h=44,, respectively. This result implies that setting h=4#, is optimal for slip
velocity method to produce a solution with good similarity to the traditional approach.

The results of the convergencestudy are shown in Figure 3.5. The curves of the
convergence functions are plotted as a function of thickness of inner streaming domain

(h). For the six variable we studied for the convergence, the values of the functions exhibit
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similarly that decreases to the minimum at the h range of [2.5 ., 1] ] and increases agan.
The optimal value of h lies in this area. As shown in Figure 3.5b,0 6 has a minimum
value of 0.05602 at h=312.,6 0 has a minimum value of 0.15873 at h=3%.,06 0
reachesa minimum of 0.05547 at h=3.8 ,0 0 reaches to the minimum of 0.13386 at
h=3.4 . As the goal of this study is to optimizing the accuracy of the outer streaming
velocity, the minimum value of 6 6 appears at h=38] as 0.04594, and the
minimum value of 6 0 appears at h=4 as 0.04256These data indicate thatsetting
h value to ~4 in the slip velocity method canyield the best approximation to traditional
research. As shown in Figure 3.3, the amplitude of the mass source term and the curl of
the force source term also vanish close to zero at 14 . Setting the inner streaming domain
is thinner than ~4 will reduce the effective mass source and force source terms. If the
inner streaming domain is thickerthan ~4 , 6; 4 -yy,i]H greatly decrease from its maximum,
and the 0; Wi} increase. This setting makes the amplitude of the outer streaming smaller
than the solution of the traditional solution.

In summary, by setting the thickness of the inner streaming domain to h=4 , the
convergence function values of outer streaming components are in the p 1 order, which
indicates a good approximation (Nama et al., 2015) As a result, the optimal thickness of
the inner streaming domain ( ) is determined to 4 and will be applied in future

numerical simulation using the slip velocity method.
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Settingh=4 OwUT I w?2UO0DbxwYIl OOEPUawOI U1 OE2 wUEOI Uwh
streaming shown in Figure 3.1. Using the traditional approach takes 2620 s to solve the
same problem. ThusOw b1 wil UUPOEUI wUT E U wU isdvesthe e sfthe | OOED U,

computation by 53% compared to the traditional approach.

s sAa ox

For further validation, we appliedthe ? UOD x @ \uO® QO BE » wU Oacall® OY 1 wWE w
problem that is the acoustic streaming in U1 1 wthick 3D PDMS channel shown as shown
in as shown in Figure 3.6. The device parameters and design follow the ones reported in

& U Oz U uj®eud, W&o, Chen, Xie, Lata, Li, Ren, Liu, Yang, Dao, et al., 2016)

Figure 3.6: Simulation domain of the I numerical model.

The results for the device of one pair of IDTs (Figure 3.7) and the device with two
pairs of IDTs (Figure 3.8), especially the streaming patterns on x-z planes and xy-top
plane accord well with the results reportedinG U Oz Uwb OUOQwmp%d w& UOOw/ UOEGS u

2016, 113, 15221527.)
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Figure 3.7: 3D streaming pattern in classic standing SAW device with one pair of IDTsa,
Schematics of the device The square PDMS aehdm®éld i®n &hinok
Simulation result of acoustic pressure at bottom and 3D acoustic streaming patterrviewlop

the streaming pattern. d, e, 2D acoustic streaming pattern on sexexalss sections anda/cross

sections, respectively.
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Figure 3.8: 3D streaming pattern in

classic standing SAW device containing two pairs
of IDTs. EOQOw2 ET | OEUPEUWOI wlOT 1T wEl YPEI w3l 1 wUGUEUI w/ #
thickness. b, Simulation result of acoustic pressure at bottom and 3D acoustic streaming
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pattern. c, 2D streaming pattern from the top -view. d, e, 2D acoustic streaming pattern on
several x-z cross sections and yz cross sections, respectively.

3.2 Vortex streaming generated by IDTs merged in the oil

In this section, we explored the 3D vortex streaming pattern generated by an IDT
merged in the viscous liquid and applied this streaming pattern for liquid droplet

handling.

3.2.1 Motivation

Acoustic streaming, a stead/ flow induced by acoustic waves, has been applied
for various microfluidic application, including particle manipulation  (Gu et al., 2020; Guo
et al., 2015) fluid pumping (Du et al., 2009) and fluid mixing (Huang et al., 2014; Nama,
Huang, Huang, & Costanzo, 2014). Researchers have explored the acoustic streaming
pattern in the devices from the two -dimensional perspective. I n the acoustofluidic devices
in which the acoustic wave propagation and the resulting streaming pattern is uniform
along a certain direction, the 3D streaming pattern can be approximately reconstructed
based on the 2D streaming pattern. 2D numerical simulations have been carried out to
efficiently explore the acoustic streaming activated by bulk acoustic waves (BAWS) or
surface acoustic waves (SAWS) in narrow fluid domains at the micrometer scale (M.
Alghane, Fu, et al., 2012; Guo, Mao, Chen, Xie, Lata, Li, Ren, Liu, YangDao, et al., 2016;
Mao et al., 2017; Muller & Bruus, 2015; Nama et al, 2014; Shilton, Travagliati, Beltram, &
Cecchini, 2014; Yeo & Friend, 2009)For the analysis of the acoustic streaming generated

by BAWs or SAWSs outside the transducer area(Huang et al., 2014; Mao et al., 2017; Muller
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& Bruus, 2015; Nama et al., 2014)a common method is simplifying the 3D problem to a
2D simulation. This method is available for the fluid domain in w hich acoustic waves are
approximately uniform along the direction per pendicular to the 2D plane of the

simulation.

However, this 2D simplification is not proper for the analysis of acoustic streaming
pattern that is not uniform in a certain direction, for example the acoustic streaming
induced by an IDT immersed in the infinite bulk liquid as shown in Figure 3.9a. For this
case, thetransducer on the piezoelectric substrate generates travelling SAWs which
propagate symmetrically away from the center of the IDT and perpendicularly to the IDT
fingers. As the bulk liquid domain is directly loaded on the IDT area, the SAWs decay
while they are generated. And the IDTs also generate transverse radiation components
and oblique radiation components in the IDT area (Holmgren et al., 2007; Inoue et al.,
2013; Koskela, Knuuttila, Makkonen, Plessky, & Salomaa, 2001; Salim, Hashim& Arshad,
2016) The waves generated by the IDT propagate into the liguid on the substrate and
generate acoustic streaming in a three dimensional butterfly pattern (Du et al., 2009)
Hence, in this subsection we seek to explore thethree-dimensional substrate vibration,
propagation of IDT -generated acousic waves, and the pattern of the resultant acoustic

streaming.
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Figure 3.9: Schematic illustration of manipulating the droplet using the acoustic
streaming generated by the IDT immersed in the oil. a, Device setup and working
mechanism b, Schematic of boundary-driven streaming theory.

3.2.2 Numerical simulation

First, we performed the numerical simulation to analyze the pattern of acoustic
streaming induced by an IDT immersed in the unconfined bulk liquid as shown in  Figure
3.9a. In this setup, An IDT fabricated on a 128° ¥-X cut LiINbO s piezoelectric substrate was
immersed in the oil which is 2 -mm in depth. The IDTs starts to generate vibration when
AC signals are applied to it. The vibration propagates in the form of Rayleigh SAW
(Holmgren et al., 2007; Inoue et al., 2013; Koskela et al., 2000 When the SAWSs propagate
into the liquid loading on the substrate, the leaky SAWSs will drive the acoustic streaming
in the bulk oil domain. This subsection presents the theory and 3D numerical simulation
to analyze the physics of IDT -activated acoustic streaming in the bulk liquid domain. The
3D computational domain of this multi -physical problem, which includes 3D substrate
vibration, acoustic wave propagation, and IDT -activated acoustic streaming is sketched

in Figure 3.10. We deduced the simulation domain to one fourth of the real problem
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because the geometry and physics e.gOw( # 3 Uz wYPEUEUDPOOOwW2 6 UwxUOXxE
streaming pattern) in this setup is symmetrical in both the x - and y-directions. In this way,

the computational effort can be reduced by 75%. Domainsm) , n, and m are defined as

the, E /[ Asubstrate, inner streaming fluid domain, and outer fluid streaming domain,

respectively. The thickness Domains m , m, and m are 500 ym, 1.62 um {7 ), and 2,000

pum, respectively. The solid-oil boundary (t+ ) and inner-outer boundary (+ , and oil-air

boundary (+ ) are marked in the figure. The IDT fingers are set on the surface of the

substrate ¢ ).
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Figure 3.10: Computational domain. a, The3D domain for the simulation of a quarter of
IDT area The depth of the domain was set to 0.5 mm, #,, and2 mm- #,for , ,and

, respectively. The width of the domains is set to 4 mm. b, IDT fingers on . The IDT
area is 11@x1462.5 um.(C. Chen et al., 2018)

As shown in Figure 3.10, a quarter of the IDT, which is set on the top of the
substrate ¢+ ), contains 10 pairs of fingers with the width of 37.5 um. Thus, the driving
frequency of the IDT is 23.9 MHz, which corresponds to SAWSs with a wavelength in the
substrate of p v {i . If applying the perturbation -theory-based approach (Muller &

Bruus, 2015)stated in Section 2.2.1, firstorder equations (Egs. (2.16) and (2.17)) need to be
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solved in the whole fluid domain ( m ° m ) before solving the second-order equations
(Egs. (2.20) and (2.21)) for acoustic streaming patternThe mesh division requirement for
solving the acoustic field is at least 6 elementdwavelength in the direction of wave
propagation gpo O Bwski & Sumelka, 2006). To reach this requirement, at least ~1 million
mesheswill be need for solving the acoustic field in the fluid domain (m ° m, 4x4x2
mm?2). This mesh system requiresan extremely large computational cost. Hence, some
model simplifi cation is required for solving the 3D acoustic streaming pattern in the bulk
fluid domain.
Based on the boundary-driven streaming theory, and Manor et al. deduced
i OUOUOEUwW i OUw UTT wl #w?2U0bxw Yl OOEPUa» wEEUDPYEUI
decomposed into two components perpendicular to IDT fingers and perpendicular to the
substrate (Melde, Mark, Qiu, & Fischer, 2016). However, the SAW propagation in the area
containing IDT area needs to account for wave reflection among electrodes and a third
vibration component along the IDT fingers because of the transverse and oblique
radiations (Holmgren et al., 2007; Inoue et al., 2013; Koskela et al., 2001; Salim et al., ).
Due to this complicated substrate vibration mode in the area involving the IDT, deducing
i OUOUOEUWI OUuwUT T w? U ObD xAWpiogagaing i and ar@uoEHe DT E wE a wU
in SAW microfluidics is not feasible.

As the IDT-induced acoustic streaming is dominated by boundary -driven
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Section 3.1.3 providesan approach to reduce the computational costthe abovementioned

problem (Sadhal, 2012) In UT PUWUUEU]I EUPOOOwP] WExx OPtEwUT T w"

analyze the 3D acoustic streaming pattern activated by an IDT immersed in bulk liquid.

By applying this method, the calculation amount of the numerical simulation for the

acoustic filed in the whol e fluid domain can be reduced to the solution in the thin

boundary layer. And the 3D streaming pattern in the bulk fluid can be solved based on

UT T w?UO0DPxwYl OOEPUa?» WEE@UDPUI EwOOwWUT 1T wUOOx wOi wlOT 1
In the 128° Y-X cut LINbO 3, the substrate can bestrained by applying an electric

signal because of the piezoelectric effect The mechanical vibration and the electrical

behavior are governed by the momentum equations for solid mechanics and the charge

conservation equation, respedively . The coupling relationship between stress, strain,

electrical displacement field, and the electric field of a piezoelectric crystal is governed by

the constructive equations in the stress-charge form as expressed in Egs. (2.1) and (2.2).

The substrate vibration problem w as solved within the Domain nj.
The perturbation approach (Muller & Bruus, 20 15)stated in Section 2.2.1 is applied

to separate the governing equations (Egs. (2.7) and (2.8)) into firstorder equations that

govern the acoustic field (Egs. (2.16) and (2.17)) and timeaveraged secondorder

equations that acoustic streaming (Eqgs. €.20) and (2.21)).As shown in Fig. 1(b), the oll

domain can be divided into two parts: a thin viscous boundary layer corresponding to the

? 2 U éuoundaU a w O End )l add the aqest of the oil domain outside the thin layer (m).
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The viscous boundary layer with a thickness several times that off ¢’ T, which
relates the ratio between the kinematic viscosity of the liquid ( 0) and the angular
frequency of the SAW (] ). This is a liquid domain where the viscous dissipation of the
leaky SAWSs is extremely high due to the non-slipping boundary of the vibrating surface.
As given in the second-order equations, Egs. (2.20) and (2.21)the viscous dissipation
generates mass and force sources confined mainly within the thin layer and drives a flow
called Schlichting streaming or inner streaming inside the layer (Manor et al.,, 2012;
Sadhal, 2012) On the other hand, the streaming outside that thin layer in the rest of liquid
domain, named Rayleigh streaming or outer streaming, can be considered as driven by
the inner streaming because of the continuity of the streaming velocity from the boundary
layer to the outside domain.

Using this approximation, the computation of this 3D model can be significantly
reduced by solving the acoustic field (1st-order problem) and the inner streaming (2 -
order problem) within the viscous boundary layer. For the oil at 23.9 MHz, the value of
1 is ~405 nm, which is 2.025x10times thinner than that of the whole oil domain of
thickness 2,000um. As discussed alove, setting thickness of the inner streaming domain
tobe ~4 inthe slip velocity method yields the best approximation to traditional research.
So for this case, the inner streaming domain thickness was set to 1.62 um.The inner
streaming velocity distribution on the top of the viscous boundary layer is captured as the

200D x wY wicH Babd Deere conventionally defined in microfluidics as the relative
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velocity between the fluid and the solid boundary (B. Li & Kwok, 2003; Lu, Duan, & Wang,

2015) The outer streaming can be obtained by solving the original continuity and Navier -

Stokes equations,i.e, Egs. @.7) and (2.8), in the outer streaming domain (m ) and applying

Ul T w?UO0DBbxwYl OOEPUa?» wEUwWUT | WEOUOEEUAWEOOEDUDOOW
Based on the slip velocity method, the streaming pattern is numerically explored in the

following three steps: (1) solving the coupled interaction between substrate vibration in

m and the acoustic field (1st-order problem) in m ; (2) solving the 2nd-order problem in

m based onthe 1stOUET UwUIl UUOU Wi UOOwWUT 1 wi OUOT UuwdrUd w wE OF

and (3) solving the original governing equationsin m EOQEWE x x 0a b Ol wOT 1T w?UOP x

+ as the boundary condition to obtain the outer streaming. COMSOL 5.2a (the COMSOL

Group) was employed for the calculation according to the above -mentioned steps. In step

PAOwWUT T wxUIl El | b&luEuCPRWOPEwW? $ €1 EOBDEUWUEUDPEU? w x

positive and negative electric potential boundary conditions were applied to, respectively,

the green fingers and yellow fingers as shown in Figure 3.10E6 w3 T 1T w?311 UOOYDU
EOUUUDPEU? wxT aUbEUuwb Ediladitld(Lstorddy froblert) Qovérnadidy | wE E O U

Egs. (2.16) and (2.17) inthe inner streaming domain m 8 w au®&®I OUa~>» wEOUDEEU

condition, which confines the normal component of the 1 st-order velocity on the boundary

to be zero, was applied to the x-0-z and 0-y-z planes. To eliminate wave reflection, other

peripheral boundaries and + (oil-oil interfaces) of m P1 Ul w Ul Uw EVUw UT 1 w ?
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applied to + to constrainthetwo-P Ea WEOUx O1 EwbOUI UEEUDPOOWEIT UpI11 0
, 1 ET EOPEU? wWEOEwW?31 1 UOG&EW EEOWQwWU TEIOWIVWBE VY H @il UO!
#OO0OEDO?» wUOOYI Uuwb E U addve-méntioded physzrygetoeEadtiewdiivind

i Ul gU1 OEawepl +t 6 Nw, ' aA3w( OwUUI xwepl AQwUT 1 w2 +EODOE
order problem governed by Eqgs. (20) and (21) in my . The mass and force source terms were

POxOUl EWEAWEEEPBIWP®O EO0HEDODUOOUO]I wi OUET 2 wEOOD
2POPOEUOAOWEwW?2a001 UUa» wEOUOE E YardeEvodiiyatx b OOwWE 0O

BHEQDauBDOOEDPUDPOOOWE

log

0zand 0-y-4 wx OEOT UwUOWET wéil Udawdi
pressure difference on the two sides of a boundary, was imposed to the oil-oil interfaces,

i.e.t and the other two peripheral boundaries. This physics is solved viaE w? 2 UEUDOOE U a
solver by using the 1s-orE1T UwUOOUUDPOOwWOl wlOT 1T wxUIl YPOUUOawodl OC
solver. After acquiring the 2nd-order solution, the time -averaged 2<-order velocity on

t PEUWOEUEDOI EWEUWUT T w?2UO0DbxwYl OOEPUa>6w UwlOl 1 w
Navier-Stokes eqqE UD OO U wp$ UGS wepl 6 A AWEOE wpl 8 WAAwPT Ul WEEO
solver to simulate the outer streamingin mé w3 T 1T w?2 UODxwYl OOEPUa>» wi OUOE
is applied as the motivation at the bottom of md ww, | EOPT DOl OWEwW?2UODx wb |
where no normal velocity component exists, is applied to the top of m (oil-air inter face),

EOQCEWEOwW?OUU0O01 U» wEOOE P UD OO win HdlwilEntera0eB)l TheuasO wUT 1 wx
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ultimately achieving the solution of outer streaming.
The substrate vibration in my, acoustic field, and inner streaming in the inner
streaming domain (m ) were solved together in Step (1).Figure 3.11a shows the numerical
displacement of the substrate at the frequency of 23.9 MHz and input peak-to-peak
voltage of 40 V. Under this condition, the peak value of displacement reached ~3.5 nm,
and the vibration originating from the IDTs area propagat ed in the x and y directions.
Figure 3.11b shows the distribution of displacement amplitude 5 and the three
decomposed components6 ,U0 , and 0 along the X, y, and z axes, respectively, along a
EOOwODPOl wpadhyYws OAwWwOOwWUOT T wUUUI EETl woOi wUOT 1T wUUE
amplitude of 0 , the displacement component along the IDTs fingers which is typically
ignored in 2D analysis, is comparable to6 and 0 . This suggests that its effect on the
acoustic streaming motion in the y direction would be non -negligible in this problem.
At the substrate-oil interface, the velocity continuity bou ndary condition was
provided to couple the physics in the substrate and oil. Together with this boundary
condition, the 1st-order equations were solved within the viscous boundary layer to obtain
the acoustic pressure. InFigure 3.11c, the acoustic pressure distribution on the substrate-
oil interface shows that at the resonance frequency, the acoustic pressure amplitude n the

IDT area reached ~0.4 MPa, which was much stronger than the waves propagating

outward in the x and y directions. The vibrating fingers generated SAW that leaked into
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the loading oil as leaky SAW that propagated upwards into the oil. Since each pair of IDT
fingers generated SAW propagating in the +x and -x directions simultaneously, there were
standing SAWs in the IDTs area and traveling SAWSs outside the IDT area that decayed
exponentially with the propagation distance. Additionally, the up -and-down vi bration of
the IDT fingers could also produce a component of BAW directly into the loading oil.

Thus, the BAW and standing leaky SAW in the oil upon the IDT area and the traveling

leaky SAW in the oil outside the IDT area collectively resulted in a higher acoustic

pressure inside the IDTs area than outside the IDTs.
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Figure 3.11 Simulation results in the substrate () and inner streaming domain ()
when the IDT was activated at the frequency of 23.9 MHz and the voltage of 40V re. The
calculation area is quarter of the IDT area using the symmetry boundary condition. a, The
amplitude of substrate displacement. b, Distribution of displacement component s on a
line (y=100 pum) on the floor of the substrate ( )., ¢ ,o , and« are the amplitude, x
component, y component, and z component of displacement, respectively. The value of y
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displacement component along the fingers (o ) is comparable to other components. c,

Acoustic pressure distribution on the floor of substrate. The acoustic energy is mainly
concentrated in the IDT area and propagates along both x and y directions. d-f, The

deEOOx OUI Ew?UODPxwYIl OOEDPUA? wb Gpudk tBatirn® stieanthgu &8 wE D U |
domain (). The dotted boxes in (c)}(f) indicate the IDT area.

Based on the ®-order results, the 2nd-order equations were solved in the viscous
boundary layer. Th e 2d-order velocity on the top of the viscous boundary layer (+ ) was
UT T w? UOD xkighré DIAEFBIY OPauUT 1T wETI EOOx OUI Ew?2BODbxwYIl 00
0 , and 0 represent the velocity components in the x, y, and z directions,
respectively. Similar to the acoustic pril UUUUI wEPUUUPEUUDPOOOwWUT I w? UOE
above the IDTs was faster than elsewhere. As shown inFigure 3.11d, 6  near the right
boundary of the IDTs area was almost positive, while it is mostly negative on the left side
of this area. Because of the symmetric boundary condition on the left boundary

(o] ), the oil in the outer streaming domain (n) ) could be pumped towards +Xx.

As shown in Figure 3.11e, the magnitude of the negative 0  appeared in the IDTs area
periodically and reached about -7 mm/s, which was much larger than its maximum
positive value (~1 mm/s). As0  dominated the y component of the outer streaming, the
oil in the outer streaming domain was attracted in the -y direction toward the IDT. This
phenomenon could be the key to the formation of the counter vorte x in the outer
streaming domain.

By setting the velocity at the bottom of the outer streaming domain (+ ) to be the
2UO0DxwYl OOEDUa2 Owbé dil dodain iy PYwasdbtdihed 6y BdvingtFy© w U
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(2.7) and (2.8).Figure 3.12a, shows the numerical result of the 3D outer streaming field.
Red streamlines and black arrows indicate streaming velocity distribution and direction,
respectively. The streaming patterns in the x-y-2000 um, Gy-z, x-0-z and planes are
plotted to illustrate the intuitive formation of 3D outer acoustic streaming as shown in

Figure 3.12b.

IDT area

Figure 3.12: Numerical and experimental results of acoustic streaming in an  outer oil
domain () in our SAW microfluidic device. a, Numerical results showing outer
streaming pattern in the 3D domain. b, The streaming patterns on three typical planes, i.e,
X-y-2000pm, 0-y-z, and x-0-z planes, are plotted for illustration.

Figure 3.13 compares the numerical and experimental streaming pattern on 2D
planes. The streaming patterns were measured by recording trajectories of the beads (1.9
glcmO wt Y ws O wb O utieRdfréspohding) planés@nd stacking a series of framesof
the recorded video. The outer streaming on x-0-z (Figure 3.13 and j) was drawn to flow
in the +x direction by the 6 . The mechanism is that the IDT-activated SAW propagating

in x direction leaked into the oil and pumped out the loading oil upon it. As can be seen
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in Figure 3.13j, the numerical streamline (yellow) was captured from the streaming
patterns in Figure 3.13i. These overlapped with the experimentally measured flow
directions from a side view (the trajectories of the white beads). Both the experimental
and simulated results indicate that the flow d irection of the pumped -out oil flow had a
34° anglewith the z direction. This angle is much larger than the Rayleigh angle (10° for
incidence from LiNbO sto oil), which is the angle of the leaky wave propagation and initial
streaming direction when the SAW first met liquid outside th e IDT area(Frommelt et al.,
2008) Considering that the SAW begins to leak into the liquid at it s initial position, each
IDT actually serves as a line source that keeps generating the cylindrical waves. These
waves interfere with the leaky waves based on the Huygens-Fresnel principle
(Devendran, Collins, Ai, & Neild, 2017) . Thus, the interferential waves have a larger angle
compared to the individual leaky waves on the edge of IDTs area. On the 0-y-z plane
(Figure 3.13g and h), the oil was drawn in the -y direction towards the IDTs area by 0

Due to the symmetric motion of the IDT, the oil was ejected to the oil -air surface near the
x=0 boundary and flowed to the +y direction. On the oil -air boundary, the flow in the +y
direction inside the IDT area blocked the flow in the opposit e direction outside the IDT
this result matched well with the measured streamline shown in Figure 3.13h. As seen
fromthe x-y-l YYY ws OQwx OEOI OwUT T wEOUOUI Uwi &QirainE UOUUE U

UT 1 Ul Eawi OUODOT wE ie? thddrydrodyindimiz G tox flodiy bbjeotsuat
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the side of the IDTs. The stacked imag of particle trajectories on the oil-air surface

confirmed that the streamlines onthe oil-kED U wHD OUT Ul EET wil OEl EWEUWUOT T w7
the sides of the IDTs, and this experimental observation agrees with the simulated

streamlines (Figure 3.13e and f). In addition, streamlines at 100 pm and 1,000 um oil depth

further confirm the consistency between simulation and experiment ( Figure 3.13a-d).
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Figure 3.13: Comparison of the numerical and expe rimental streaming pattern on 2D

planes. a-c, Numerical results of the acoustic streaming patterns in the x-y planes at the
depths of z=100 pym, z=1000 um, and z= 2000 um, respectively.H, experimental results of
the acoustic streaming patterns in the corresponding x-y planes in (a)-(c). g, h, Numerical
and experimental streaming pattern on the 0-y-z plane. A counter flow agrees with the
numerical results. i, j, Numerical and experimental streaming pattern on the x -0-z plane.
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Experimental streamlines in (j) was visualized using 105-um fluorescent particles (white
dotted lines), which matches with the corresponding numerical streamlines (yellow solid
lines). The result shows that the direction of the pumped flow is at an angle of 34° to =
axis.

From the streamlines in the four quadrants, we found that the streamlines were
distributed almost symmetrically about both the x -axis and y-axis. The main reason for
not having strict symmetric distribution may be the uneven distrib ution of the tracking
beads in the oil. As shown in Figure 3.13a and b, the IDTs pumped the loading oil in the
+x and ¢ x directions and created two counter flows in the +y and ty planes, and thereby
generated two symmetric stagnation points. With these two points, the object afloat on
the oil may have been trapped on either side of the IDTs depending on its initial position.

Experiments were carried out to confirm the prediction.

Figure 3.14: Droplet manipulation using the streaming pattern generated by the IDTs

merged in the oil . a, Simulated acoustic streaming pattern on the oil-air interface showing
two symmetric stagnation points on the two sides of the IDT, where objects floating on
the oil would be trapped. Because of the induced acoustic streaming, randomly
distributed objects gradually move towards the stagnation points. b, Stacked image
showing the streaming pattern on the oil -air interface. The streaming pattern forms the
two stagnation points as indicated by two w ater droplets. The result shows that the
streaming in this d omain is roughly axial symmetric about both x -axis and y-axis. As such,
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a numerical model for this case can be simplified to simulate the area, as depicted by red
dashed lines. ¢, Image of a devie with a 1} 10 IDT array for contactless droplet
manipulation . The green sphere is a drop of dyed water floating on the loading oil.

Device as shown in Figure 3.14c was fabricated for the droplet manipulation based
on the streaming pattern in the oil. The IDTs were fabricated using standard lithography.
Five nm chromium and 50 nm gold were deposited on a 128° Y-X cut lithium niobate
wafer (Precision Micro-Optics, USA) using Semicore (Kurt J. Lesker Co., PA, USA). Tle
IDT fingers had a 45° intersection angle withthe X-E R D U wOi wlUi | wOEUI UPE Oz UwWE
to ensure equal wave speed in two orthogonal directions. Silver epoxy was used to
connect the wires with fingers on the wafer. The operation frequency was chosen to be
23.9 MHz, which was the resonant frequency of the IDTs with both finger width and
finger interval 37.5 um. The IDT section was 2,925 um long and 2,200 um wide. For the
integrated SAW microfluidic device shown in Fig. 1(e), the distance between each IDT
was 2.8 mm. A 23.9 MHz sinusoidal AC signal was generated (DG 3012C, Teletronics
Technology Corporation, PA, USA), amplified (25A250A, Amplifier Research, USA), and
then applied to the IDTs. A relay array (USB24Mx, EasyDAQ, UK) was used to control the
power input for individual IDTs. The controlling program was written in Visual C++
(Microsoft Corp., USA). The wafer with IDTs was immersed in a carrier oil of thickness
2,000 pum. Fluorinert FC-70 oil (Hampton Research Corp., CA, USA) was chosen to be the
carrier oil due to its inertness and high viscosity (24x103 Pa-s) Additionally, the density

and the speed of sound in the oil were set as 1,940 kg/m and 640 m/s in this work,
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respectively. Teflon AF1600 (Dupont Co., DE, USA) was dissolved in the carrier oil to
enhance the stability of the droplet trapped in FC -70. The device was mounted on the
stage of an inverted microscope (Eclipse TiU, Nikon, Japan). To visualize the streaming
pattern, tracking beads of 30 um were added into the oil. The motion of the tracking beads
was recorded by a high-speed camera at a frame rate of 500 frames per second (fps). The
trajectories of the tracking beads, which were considered as the streaming lines of the oil

domain, were presented by stacking frames of the recorded videos using ImageJ.

3.2.3 Droplet manipulation by the streaming pattern

On the basis of theacoustic streaming velocity distribution on the oil -air surface,
we numerically estimated the trajectories of droplets floating on this 2D pla ne. If
considering a tiny particle immersed in the liquid, the drag force, which is proportional
to the relative velocity between the particle velocity and streaming velocity, can be simply
modeled as Eq. (2.30).

Since the physics behind the relative movement between the droplets and the
incompatible liquid is complicated and is not the main target of this work, Eq. (2.30) was

used to approximate the drag force of the droplet floating on the loading liquid. In this

way, the droplet trajectory was approximated by the COMSOL intefEET w?/ EUUDPE Ol wUL

i OUwi OUPEWI OOP>2» WEDEWUOOYI EwWEAWEW?3DO01 wH x1 OEI O

volume were released from initial positions in a 4x4 mm? 2D area, as shown inFigure

3.15a. The simulation results show that all of the droplets floating on the oil gradually
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concentrated to the trap (Figure 3.15E A6 w%U OOwUT 1 wEUOx Ol UUz wOUENT EU
droplets at the left side of the domain moved faster towards the trap positions because the
drag force at this area was greater.
In an experiment, we measured the trajectories of two droplets (5 rL) released
initially at two different positions. One droplet was first released at an initial position as
shown in Figure 3.15b; in the presence of the acoustic streaming, it was gradually pushed
away from the IDT in the +x direction, then drawn back to the side of IDTs by the
backflow, and finally blocked by the counterflo P w0 O wU U O x wEU OO @b 0E8d dw(
case, the device took 3.6 seconds to move the droplet from the initial position to the
2UUET OEUDPOOwxOPOUG~»w T Ul UPEUEUOQWUT T weudxOIl DwuU
when the IDTs kept generating streaming in the loading oil. As a comparison, the other
droplet was released on the side of the IDT as shown in Figure 3.15c. Since the x
coordinate of the initial droplet position was close to the coordinate at the trap, this
EUOx Ol UwPEUWEUEPOwWDOOI EPEUI OawUOPEUEUWUT T w?2UU0L
stabilize.
Compared with t he droplets at the other initial positions , the droplet released at
the lateral side of the IDT (the case inFigure 3.15c) had moved less than that released far

away from the IDT. Therefore, we chose the lateral side of the IDT, as the initial position
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subsequent droplet manipulation, we quantitatively characterized the trapping behavior

of the device. Figure 3.15d shows the change of trapping positions as a function of oll

thickness. The trapping position was defined as the y-coordinate of the trapped droplet

center, according to the coordinate system shown in Figure 3.14c. As the oil thickness was

POEUI EUI Ewi UOOwhOYYYws OwUOwt Ok Nyyroadynddnzalyd i 1 w? U0
trapping of droplets moved further from the IDTs, which suggests that the oil thickness

should be as thin as possible if the trap is intended to be closer to the IDTs. However, if

the oil thickness is too thin, the droplet might attach to and be stuck at the substrate since

the droplet immerses partly in the oil. Through the experimental characterization, 2,000

pm was found to be the optimal oil thickness for the device used in this work.
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Figure 3.15: Droplet tracing in our SAW microfluidic device. a, Numerical results

UT OpPOT wEUOxOI OUz wOUENT EUOUPT UwoOYIl UwUBHl WEUDYI
| YYY w4 Owx OE GriguelBi12D.FEGal BoDrepresents the center of a droplet, and
their initial positions are indicated as shown in Figure 3.15a-to. The results show that all
the droplets moved towards the trap in the presence of the streaming. Experimental
images show the trajectory of a droplet released (b) at the right side of the IDT and (c) at
the top side of the IDT. The red dashed circles indicate the initial positions in each case
and the green lines indicate the trajectories of the droplet from the initial position to the
position shown on each figure. d, Plot showing the dependence of the trapping position
(stagnation point) on the oil thickness measured by experiment (spots and error bars) and
simulation (line). The position is defined by the distance from the droplet center to the
IDT center.
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Since each IDT can create twosyO Ol UUPEwW? UUET OEUPOOwxODPOUU> L
traps for droplet manipulation, a well -designed IDT array could contain multiple traps.
As shown in Figure 3.14c, we designed a device where the IDTs were arranged as a 1x10
array on a 128°Y-X cut LINbO s wafer. The IDT fingers were inclined at 45° relative to the
X-ERPUwWOI wOT 1T wOEUIT UDPE Oz UwFQuBA®MKMIEAL thattthe BDTd wU1 E WE
were being activated in every step. By activating the IDT following the order as shown in
Figure 3.16, we moved the green droplet up and down on the oil surface, which
demonstrates on-demand droplet manipulation. The result shows that our device moves
droplets on the oil surface in a controllable manner by altern ating the IDTs in an array in
a given order. This movement will enable various biological and biomedical applications

where on-demand liquid handling is necessary.
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Figure 3.16: Droplet manipulation achieved using a SAW microfluidic device wit h 1x10
IDT arrays. The red arrows and dotted boxes point out the single IDT that is being
activated to manipulate the green droplet in every step. Depending on its initial position,
the green droplet will be trapped at either side of the activated IDT clos er to the droplet.

3.2.4 Discussion and conclusion
In this section,Pp 1 WET YT OOx1 EWEW?2UODxwYIl OOEPUa wOI U1 OE;
in SAW microfluidics and significantly reduces the comput ation time of the 3D acoustic
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field solution. In particular, we so Ived the 1st-order and 2n-order equations in the viscous
boundary layer with the substrate displacement solved together as the actuation at the
solid-liquid boundary. The 2 rd-order velocity on the top of the boundary layer was
streaming. Experiments showed acoustic streaming on several typical planes to verify the
simulation results. It was found that the p rediction of the simulation agreed with the
experimental results. Further, we discussed the effects of some parameters on the trapping
velocity and trap position based on the simulation and experimental results. On the
strength of these findings, we fabricated a SAW microfluidic device with integrated IDT
arrays to demonstrate stable, contactless droplet manipulation.

Besides the acoustic streaming in the oil, we also discovered streaming motion
inside the droplet due to the relative movement of the loadin g oil and droplet. This
discovery indicates that this non-contact droplet handling system has potential for on -
EIl DPxwUEOx Ol wi EOEOPOT dw 1 U1l UwUl EET POT wUOT 1 w?UUEIT
but the oil still streams. The oil flows below the droplet and drives the streaming inside
the droplet. The shape and immersion depth of the droplet depends on many factors, such

as the surface tension at the droplet interface, the size of the droplet, and the original

vertical distance between the position of the droplet to the oil -air interface.
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3.3 Vortex streaming generated in spinning droplet

3.3.1 Motivation

Sessile droplet

Streaming force

IDT SAW / / f f A Leaky sAW

Piezoelectric substrate

Figure 3.17: Schematic illustration of acoustic streaming in sessile droplet generated by
SAW. The SAW propagates on the piezoelectric substrate and leals into the liquid
droplet. The prop agation of the leaky SAW generates a streaming force and induces
acoustic streaming in the sessile droplet.

The SAW-driven fluid motion in the sessile droplet has been explored for various
biological applications. Figure 3.17 shows a classic setup of a SAWdriven droplet device.
The SAW propagates into the liquid droplet and produces a streaming force that induces
fluid motion in the medium. By increasing the applied RF power to the IDT, the fluid
motion of acoustic streaming (Strobl, Schneider, Wixforth, Sritharan, & Guttenberg, 2006;
Tseng, Lin, Sung, Chen, & Lee, 2006) droplet movement (Sano, Matsui, & Shiokawa,
1998) fluid jetting, and atomization (Chono, Shimizu, Matsui, Kondoh, & Shiokawa, 2004;
Murochi, Sugimoto, Matsui, & Kondoh, 2007) could be induced (Friend & Yeo, 2011)

The vortex streaming pattern can be applied to liquid mixing and parti cle
concentration applications. As shown in Figure 3.18,the SAW beams that enter the droplet

from its flanks can generate acoustic vortex streaming pattern in the droplet. The
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simulation was performed based on the theoretical model stated in Section 2.2.2 As the
width of the SAW beam increases, the center of the vortex moves to the geometric center
of the droplet on the x-y planes. By applying two SAW beams into the droplet at the two
flanks from the opposite view, the streaming velocity becomes more uniform radially.

In this section, we developed a droplet acoustofluidic device with a PDMS ring
that can confine the location of the droplet and a pair of slanted | DTs that can generate
two SAW beams at the two flanks of the droplets. Compared with the traditional setup of
droplet acoustofluidic device, the ring confinement increases the RF power threshold
between the acoustic streaming and droplet movement motion. In this way, higher
streaming velocity can be generated in the droplet while the droplet stays in its original
location. Moreover, droplet spinning motion was also observed in the SAW -driven
droplet confined by the PDMS ring. Combing the acoustic streaming and the spinning
motion, the nanoparticles in the droplet can be efficiently concentrated to the middle of
the droplet. Based on this mechanism, we developed an acoustofluidic centrifuge (AFC)

system for nanoparticle separation and transport.
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Figure 3.18: Simulation results of the acoustic streaming pattern in the sessile droplet
(radius: R) activated by SAW beams with different width. a-d, Acoustic streaming

pattern activated by a SAW beam with the width of -R,-R,-R, and R, respectively. e,
Acoustic pattern activated by two SAW beams propagating from opposite directions into
the two flanks of the droplet. The width of the beams is -R.

3.3.2 SAW-induced fluid motion in the spinning droplet

The device configuration is shown in Figure 3.19. The AFC system contains a pair
of IDTs and a PDMS ring placed in the middle in between the IDTs. A drop let was loaded

in the PDMS ring. Originally, the bottom of the droplet was confined by the ring, and the
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water-air interface of the droplet was in an equilibrium hemispherical shape which was
determined by the combing effect of gravity, surface tension, and boundary alignment.
When applied AC signals to the IDT s, two travelling SAW beams propagate in +y and -y
directions are generated at the two symmetric flanks of the droplet. When the SAW beams
were first generated, the droplet slightly oscillated and the acoustic streaming was
detected in the droplet. Then, the angular momentum accumulated in the liquid medium,
and the droplet started to spin. Observed from the side -view, the SAWs propagated into
the liquid droplet, and the droplet was deformed into a hal f-ellipsoid -like shape that starts

to spin (Figure 3.20).
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Figure 3.19: Schematic illustration of the acoustofluidic centrifuge (AFC) system.  a, The
setup of the AFC system contains two slanted IDT and a droplet located in the middle of
the two IDTs and confined by a thin PDMS ring. The IDTs generate two SAW beams at
the two flanks of the droplet. When the SAW beams leak into the droplet, the reflection of
the leaky SAWSs deforms the liquid -air interface of the droplet, and induces a periodic
deformation in the droplet, which performs as the motion of droplet spinning. The
particles in the droplet can be concentrated to the middle of the droplet efficiently. b, Side -
view illustration of the droplet status when acoustics is off and on. When the acoustics is
off, the droplet stays in its equilibrium status. When the SAWSs propagat es into the liquid
droplet, the droplet deformed into a half-ellipsoid -like shape and starts spinning.
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Figure 3.20: Image sequence of the droplet spinning motion taken from the side view.
The AC signal was applied at Os to activate the droplet spin motion. During the spin, the
droplet was stretched to a half-ellipsoid -like shape from its original hemispheroid -like
shape. The yellow arrow heads indicate a reference observation point that moves together
with the spinning dr oplet. (Gu et al., 2021)
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Figure 3.21 Measurement of the period of the droplet spinning motion. a, Image

sequence showing a period of droplet spinning. The images were taken under the

microscope from the top view. b, Stack of the image sections at the aE z nesOaibng the

time to measure the period of the spinning motion. c, The variation of the length of the

light areainthe a-Ez wOD Ol Uwl BRUUEEUI Ewi UOOwW@EAwWUI I O ECUw
motion. d, The variation of the spinning pe riod (RPM: rotation per minute) with the

increase d the droplet radius. The variation was calculated theoretically and measured
experimentally. (V: the volume of the liquid within the region upon the PDMS  ring; r: the

radius of the droplet; a: the radius of the PDMS ring.) (Gu et al., 2021)

Unlike the rotation of a solid body, the droplet spinning motion is essentially a

periodic deformation of the fluid domain. The speed and period of the spinning motion
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was measured as shown inFigure 3.21. First, the image sequence taken from the top view

shows the droplet shape at each tme step. Then, the image setions at the aEz wOD Ol Uwb O
each figure were stacked along the time. The variation of the length of the light area in the

aEz wODP Ol Uwli RBigueB.ErevEalsithe g&fodi of the droplet spinning motion as

shown in Figure 3.21c. The spinning speed can beacquired and further transformed to the

value of RPM by compiling the Fourier transform of the wavefront. We also measured the

RPM for droplet with various radius and ¢ ompared the experimental results with the

classic droplet oscillation model:

N EE pE& p e ¢ o

i €& p
in which r is the radius of the droplet , A and” are the surface tension and density of
the liquid, and » DUwUT T wEIT OUB U a@rliita@sitHe spiebod thanrBohid w ?
degree which corresponds to the lobe number during the droplet spin. The radius of the

droplet can be acquired based on the equation,

w ‘00 p i i ®» al i i » o8
where wis the radius of the PDMS ring, h is the height of the PDMS ring, and V is the total
volume of the droplet. Although this equation was originally generated to describe the

free oscillation of the spherical mutation, this fitting may be due to the similarit y between

the droplet rotation and the standard oscillatory motion: the confinement of the surface

tension.
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3.3.3 Particle concentration in the spinning droplet

Understanding the spinning motion of the ring -confined droplet, in this
subsection, we explored the particle movement (1-um in diameter) within the spinning
droplet. The particle trajectories were acquired by stacking the image sequence of the
recorded video of the particle movement. Figure 3.22 compares the particle trajectories in
the same droplet with and without spinning motion. Within a SAW -driven droplet
without spinning motion (low power applied), the particles were directed to the center of
the droplet follow ing the trajectory of a convergent vortex. The particles were driven
mainly by the drag force, acoustic radiation force, and shear induced migration in the
fluid system. When the droplet spinning was activated by SAW beams, th e particles were
efficiently directed to the middle of the droplet fol lowing helical -shaped trajectories,
while the overall moving tendency is similar to the one in the non -spinning droplet. This
particle trajectory is similar to the Stoke drift effect on the moving water -air interface.
Besides the tum particles, the spinning droplet can also concentrate particles with the

size down to 28 nm.
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Figure 3.22 Stacked particle trajectories showing the flow pattern in (a) a  droplet
without spin motion and (b) a droplet with spinning motion. (Gu et al., 2021)

We performed numerical simulation to analy ze the mechanism of particle
concentration in the spinning droplet. In the spinning droplet, the total force on the
particle can be separakd into a tangential and a radial component. The acoustic radiation
force and the shear induced migration contribute partially to the radial force component
and can direct the particles to the middle of the droplet. These forces dominant the
movement of the particles in the micrometer scale. However, for the particles in the
nanometer scale, thedrag force induced by the fluid flow is much larger than the acoustic
radiation force and the shear induced immigration (Table 32). Thus, the role of the
acoustic waves in the AFC for nanoparticle concentration lies more in driving the acoustic
streaming and spinning motion of the droplet, instead of pa rticle movement. The

concentration of the nanoparticles in the spinning droplet is dominated by the drag force.
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Figure 3.23a shows the droplet at a certain time-point during the spinning. The
droplet was compressedfrom =i directions and stretched from %j directions which is near
perpendicular to the i direction. The spatial location of this compress -stretch deformation
shifts rotationally and for the spin of the droplet. Here, we simulated the particle
movement in a rectangular fluid section in the center of the droplet. The velocity profile
was applied to the two sides of the droplet to simulate the continuous fluid compressing
and stretching during the droplet spinning. Specifically, the velocity profile was sett o
b weétt QUUPOT wUT T w?2Y]1 OOEPUa?» WEOUOEEUVUaAaWEOOEDPUDOC
velocity profile; f: the frequency of the spin motion). The top and bottom of the fluid
EOOEPOwWPEVUWUl UwUOwUT T wEOUOEEUA wWE O GiguerBR3z0w ol w? (
and d, although the particles move back and forth with respect to the center of the domain,
the accumulating effect generated by the periodic fluid compressing and stretching
directed the particles to the center of the droplet. T he results of this numerical studies
indicate that the flow velocity component generated by the continuous compressing-
stretching fluid motion in the droplet contributes to the radial force that drive

nanoparticle concentration in th e spinning droplet.
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Figure 3.23: Numerical simulation results analyzing the mechanism of the patrticle
concentration in the AFC system. a, Schematic illustration of the deformation in the
spinning droplet. The droplet was com pressed from i directions and stretched from £;j
directions which is near perpendicular to the i direction. b, The simulation domain, which
is a small area in the middle of the droplet, and the boundary conditions. ¢, The movement
of the particles in a spinning period. The particles were gradually mov ed to the center of
the droplet. d, The variation with time of the distance between the particle location and
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the droplet center. The distance fluctuates and gradually reduces to zero. This indicates
that the particle moves to the center of the droplet. (Gu et al., 2021)

Table 3.2: Essential forces in th e spinning droplet that effect the particle movement.
(Gu et al., 2021)

Force Force Formula & O U z O OKammu® 6 E
Force magnitude direction Akdogan, 2012; Martel & Toner, 2014;
(N)* Yilmaz & Gundogdu, 2009)
Drag force ' N
(vortex ~0-101%0 Tangential T T g A
streaming)
o6 Y
3 - o
7 Q
Secondary-flow
drag force : ]
~0-101u Radial
(droplet ° )
deformation) ] v Y OEd Qo
Y
P i , Pug»
ressure gradient ) 17 Tangential 15 Y ™
force (tangential)
Pressure gradient . Pug» R4
gre ~010% Radial T e Y™
force (radial)
. , e ; o Q
Ac.oustlc 0101 Partl'ally 3 n oG o - o
radiation force radial

* The forces calculated fa the case with a droplet volume of 10 pL (1.29 mm in radius);
droplet spinning with the speed of 55 fps; particles with 100 nm in diameter; acoustic
waves with the frequency of 21.7 MHz and pressure amplitude of 300~800 kPa.
Understanding this working mechanism, we perfo rmed another numerical study
to analyze the patrticle trajectories in the spinning droplet using COMSOL Multiphysics

5.4 (the COMSOL group). A 2D numerical models (on the horizontal cross-section) were

set up to solve the patrticle tracing in the drople t domain with pre -defined deformation as
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shown in Figure 3.24b. The shape of the domain was set toa quasi-ellipse with major
semiaxis of 'Y and minor semiaxis of 'Y . %D UUUOQWE w? + EOPOEUwW%OOP 2 wbOUI
solve the streaming velocity activated by the streaming force shown in Eq. (3.6) based on

governing equation Egs. (2.22) and (2.23):

O 1 fori 1\
"O p | 671 QO o
O p | H1 W Q oD

where & is the amplitude of substrate vibration, "Q is the wave number of the leaky

SAW, and| "Q is the attenuation coefficient, respectively. The spinning motion of the

EUOx Ol UwPEUWOOEIT OO EEUER QIEw# @@ DO WEROOEDP UD OO WD O
interface. The rotation speed of the domain was set to"Qrevolutions per second. The value

of "Qwithin the range of 0-55 rps were applied based on the experimental measured value

for the droplet PDUT wUOT T WUEOTI wYOOUOI dw3T 1T w?+EODPOEUVUW®HOOP
interfaces were solved together using a time-dependent solver to simulate the flow fi eld

activated by two leaky-2 6 UWET EOU8w w?xEUUPEOI wUOUEEDOT wi O
applied to analyze particle motion in the spinning droplet driven by the forces discussed

EEOYI w w?/ EUUDPEOT wxUOx1 UUDI U» wE OO0 rterofeérd wb EUwU
species of the particles. Here, we studied the trajectories of the polystyrene (PS) particés

(density: 1,050 kg/m?) with the diameter of 28 nm, 100 nm, or 1 um. The particles were

randomly released at =0 Uw UUDPOT wEw? 11 Ol E gdlaslywde@sdED he® OO Ow O U

El 01 UODPOI EwxOUDPUPOOUWEVwWUAYwUwUUDOT wEwE11 Of EUI
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the particle is governed by Eq. (2.31). We mainly considered two external forces (9 4,

which are the acoustic radiation force and secondary-flow drag force. w? # UET w%OUETI 2
condition was added to apply the component of drag force induced by the flow velocity

induced by the leaky -SAW beam propagation and droplet spinning motion (¢0). w? %OUET » w
condition was used to add the total radial force components, which contains acoustic

radiation force and another component of drag force induced by the periodic
compressing-stretching of the liquid. The value of this radial force was adjusted in the

ranged from O N to 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 um particles, and

0.000005 s for 28 nm and 100 nm particles. The simulation results ifrigure 3.24and Figure

3.25 shows that the 100nm particles can be directed into the bottom center of the droplet

while the 2-28-nm patrticles staying in the periphery. Thus, the AF C can be applied to

separate nanoparticles based on the difference in their size.
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Figure 3.24: Particle movement in the spinning droplet. a, Schenatic illustration of the
Eulerian and Lagarangian description of particle movem ent. b, Simulation results of the
2D particle trajectories. ¢, Simulation results of the 3D particle trajectories. d, Stacked
particle trajectories in the horizontal planes at different depth.
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Figure 3.25. Separation of the 28-nm particles and 100-nm particles using the AFC
system. a, Numerically simulated trajectories of the 28-nm (blue) and 100-nm (red)
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particles. The 100nm particles concentrated to the center of the droplet. b, Fluorescent
microscopic images of the experimentally measured distribution of the 28 -nm particles

(GFP) and 106nm particles (CY3) after using the AFC. Scale bar:100 um. ¢, The intensity

of the GFP and CY3 fluorescence along the orange dashed lines in (b), which indicates the
concentration of the 28-nm and 100-nm particles, respectively. (Gu et al., 2021)

3.3.4 Nanopatrticle isolation using the ARC

The studies in the previous sections proved that the larger particles will be
concentrated to the center of the spinning droplet efficiently, while the smaller droplets
keep random distri bution in the periphery. To benefit the research that requires
downstream analysis of sample containing certain species of particles, we developed the
dual-droplet ARC to isolate different nanoparticle species into different droplets. As
shown in Figure 3.26a, we designed a microfluidic channel in which two top -opened
PDMS rings are connected by a microfluidic channel. Theoretically, the two droplets
confined by the two rings simultaneously by two sets of SAW beams propagate in
opposite directions at the flanks of the droplets. Here, we used a frequency $ift keying
function to excited four SAW beams with frequencies of 21.7MHz (f 1), 20.3 MHz (f2), 15.7
MHz (f 3), and 15.3 MHz (fs), respectively. Two sets of function generators and amplifiers
were used to generate SAW beams with & and f4 for the spinning o f the right droplet, and
to generate SAW beams with fi and fs for the spinning of the left droplet. In each set of the
equipment, the two frequencies were shifting between the two values to alternately
activate the two SAW beams. Noting that the response of the fluid motion has a relaxation

time to the SAW beam excitation, the shifting rate of the two frequencies should be
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sufficiently high to keep the desired flow motion in both of the droplets. The shifting rate

was set to 100kHz in this study. As shown in Figure 3.26b, the right droplet (volume: 4
KL, spinning speed: 6867 £ 160 rpm) originally contains 28nm and 100-nm particles which
evenly distributed in the droplet. The left droplet was originally a PBS droplet with the
volume of 5 pL and calculated to be spinning with the speed of 5674 + 98 rpm. B
activating the four SAW beams, the 28-nm nano particles can be transported from the
right droplet to the left droplet due to the rotation speed difference in the two droplets.
Finally, the 100-nm and 28-nm particles were concentrated in the right and left droplets,

respectively. Samples can be collected by inserting capillaries into the two droplets solely.

a L>hL>R>f b Before After

28 nm Acoustics OFF
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Figure 3.26: Nanoparticle sep aration and transportatio n using the AFC system with two
ring -confined droplets connected by a microchannel. a, Schematic illustration of the
dual-droplet AFC system, which contains two slanted IDTs and a microfluidic channel
connecting the two ring -confined droplets. The four SAW's beams were activated with AC
signals with the frequencies of 21.7MHz (f1), 20.3 MHz (f2), 15.7 MHz (f3), and 15.3 MHz
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(fa). The spinning motion were activated in the two droplets simultaneously. The particles
are loaded in the right droplet at the beginning. The larger particles are concentrated in
the center of the right droplet while the smaller particles are transported to the left droplet
through the microchannel. b, Fluorescent microscopic images before and after turning on
the acoustic signals. c,Distribution of the particle size in the original liquid sample,
processed in the left droplet, and processed liquid in the right droplet. The two peaks
around 28-nm and 100-nm in the curve of the original sample indicated that the original
sample contains these two species of particles. After the transportation, the curves of the
left droplet and the right droplet shows only peak at 28 -nm and 100-nm, respectively. This
indicates that the 28-nm particles are transported to the left droplet. Scale bar: 200 .
(Gu et al., 2021)

We performed the simulation using COMSOL Multiphysics 5.4 (the COMSOL
group) to verify the streaming pattern in the fluid system. The simulation was performed
based on the theoretical model in Section 2.2.2. wx Ul ET1 1 DOl Ew? OEODPOE U wi C
was used to solve the governing equations (Egs. (222) and (2.23). The body force inEgs.
ot 61 AAWPEUWEXxxOPl EWEAWEEEDOT WEwW?YOOUO! wi OUET 2 wl
water-UOOPEwWBOUI Ul EET Uwkl U) whithi cohfinesGhe pelEityudn e x 2 w g
PDMS wall and substrate to be zero. And the boundary condition on the dro plet-air
interface was setto? UOR9? wpt, L, O3 - hwhere L, * no no ),
which prescribes a no-penetration condition and assumes no viscous effects at the slip
wall. The physics was solvedviaUT T w" . , 2. + w? b UDOOEUa 2 w
As shown in Figure 3.27, the streaming velocity in the right droplet is smaller than
that in the left droplet. The solvent in the periphery of the right droplet can be transported

from the microchannel to t he left droplet and be further concentrated in t he left droplet.
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Figure 3.27: Numerical simulation to explore the flow pattern in the microchannel.

Exosomes are wellknowing nano vesicles produced by cells with molecula r
cargos, which carries information for disease diagnosis and health evaluation. It has
been reported that exosomes have three subpopulations distinguished based on their
size: (1) largeexosomes with the size of 90150 nm, (2) small exosomes the size of 80
nm, and (3) exomeres with the size of about 35 nm. The exomeres are nanoparticles
without membrane. This smallest subpopulation of exosome carries distinctive cargos
that do not exist in other two subpopulations. Thus, obtaining the exomeres is
meaningful for biomedical researches.

With the dual -droplet ARC ( Figure 3.26a), we can isolate the exomeres with
other subpopulations of exosomes. The components in the original and processed
samples were analyzedby (nanopatrticle tracking analysis) NTA and TEM imaging. As
shown in Figure 3.28a, large exosomes, small exosomes, and exomeres were detected in
the original sample loaded to the right droplet. After the process of the AFC, only large

exosomes and small exosomes were detects in the processed sample in the right
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droplet (Figure 3.28b). Meanwhile, after the AFC process, the left droplet which is pure

PBS originally, was detected to contain particles with diameters E1 O O b w Eigued O w
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Figure 3.28: Separation and transport of the exosome subpopulations using the AFC.

The first, second, and third columns of figure components are the particle size

distribution analyzed using NTA, the TEM images of the sample 2 EE Ol wWEEUo6 w3 $, wbO
| YYwOOB6 w( OWandipdrticia kixe wi€riddtion measured based on the TEM

images, respectively. ac, Data of the original sample, processed sample inthe right

droplet, and processed sample in the left droplet, respectively. (Gu et al., 2021)
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3.3.5 Discussion and conclusion

In summary, we analyzed the SAW-induced fluid motion in a ring -confined
droplet in this section. Then we developed an acoustofluidic centrifuge (AFC) system
which can achieve nanoparticle concentration, separation, and transportation. The system
consists of a pair of slanted IDTs which can generate SAW beaminserts to the droplets
from opposite directions at their fl anks. The spinning motion of the droplet exerts
additional radial force to accelerate the particle concentration effects. We applied AFC to
separate the exomeres from the exosome samples. Thus,he AFC can be applied to
multiple biomedical applications in which the analysis on exomeres is required.

In future research, droplet array s with specific configurations and connections can

be developed to hande samples with more complex components.

3.4 Summary

In this Chapter, we analyzed the acoustic vortex streaming pattern generated by
SAWSs in two unique acoustofluidic devices. The acoustic vortex streaming generated by
the IDTs merged in the oil can be applied to handling liquid droplets floating on the oil.
Also, the spinning droplet can achieve isolation of nanoparticles based on the difference
on their size. All these devices can perform versatile manipulation for liquid/parti cle

processing in biotechnological applications.
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4. Zebrafish Phenotyping Using Acoustofluidic
Rotational Tweezing Platform

In this chapter, we present an acoustofluidic rotational tweezing (ART) device
which uses surfaceacoustic waves to generatepolari zed acoustic streaming with a single
vortex tube pattern. The dimension of this single vortex tube is scalable by designing the
IDT and channel configuration. And the single vortex tube enables the stable rotdional
manipul ation of a zebrafish larvae in the microfluidic channel . This function allows
imaging zebrafish samples from multiple viewpoints , 3D models reconstruction based on
the multi -view image sequence, and morphological properties quantification for the
phenotyping studies in a various of fields (e.g, drug development and chemical
screening). Sections4.1 introduces the motivation of the development of this platform.
Section 4.2 presents the device design and working principle of generating polarized
acoustic steaming with a single vortex tube pattern. Section4.3 describe the fabrication
of the device. Section 4.4 and Section 4.5 describéhe experimental validation of single
vortex streaming pattern and device performance on zebrafish rotation. Lastly, a
conclusion of this chapter is given in Section 4.6 The work presented in this chapter has

been published on Nature Communication$C. Chen et al., 2021)

4.1 Motivation

Owing to their high reproduction rate and genetic and functional similarity to
humans, zebrafish (Danio rerio) hasbeen widely used as amaodel organism for biological,

medical, and pathology research, especially human disease modeling and drug
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development (Adamson, Sheridan, & Grierson, 2018; Howe et al., 2017; Kari, Rodeck, &
Dicker, 2007; MacRae & Peterson, 2015; J. L. Tan & Zo2011; Ward & Lieschke, 2002) In
these studies, the visualization of the zebrafish and morphological analysis of the
zebrafish phenotypes of interests are significant and widespread approaches for exploring
the resulting effects of the disease or drugs. Msualizing and analyzing the zebrafish
phenotypes in a high-throughput manner for a large number of samples requires an
equally efficient manipulation and analysis platform.

The most widely adopted, and readily available method for analyzing zebrafish
larv ae is through the use of traditional 2D benchtop microscope; numerous enhancements
in optical precision and manufacturing have made optical microscopes commonplace in
biological labs, making them an accessible and intelligent choice for many analyses.
Howe ver, during the imaging process for organisms, the target objects to be observe could
be block by nearby tissues. In zebrafish, the 2D visualization of target organs of interest is
usually obstructed by organs such as the eyes or the yolk sac, or obscuredby skin
pigmentations (F. Yang, Gao, Wang, Zhang, & Chen, 2016)as shown in Figure 4.1. As a
result, some manipulation techniques have been developed to precisely orientate the
zebrafish, such that the visualization of obstructed features can be observed after the

angular alignment.
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Figure 4.1: A 5 dpf zebrafish larva. The pigmentation (red arrows) obstructs the
fluorescent imaging of the zebrafish liver. The liver can be only be clearly imaged from
the two lateral sides as shown in a and c. Scale bar: 1 mm.

Due to the ubiquitous nature of 2D optica | microscopes, most of the manipulation
approaches for zebrafish larvae have focused on ensuring compatibility with research
OEEUZ wOxUPEEOwW] gUPx 01 OUB wuOUwl REOXx Ol OwUI 1 whpPEI
orientation method of agarose/gel-based confinement either fixes an anesthetized
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zebrafish or partially fi xes an awake zebrafish for optimal observation at the desired
viewing angles; however, this method relies on a tedious fixture process, wherein the
gelation process may induce external effects onUT I wal EUEI PUT zUwOEUUUEO
characters (Gehrig et al., 2009; Mitchell & Wimpenny, 1997) confounding the results. To
avoid undesirable impact and the tedious process of chemical based immobilization,
researchers developed an automated zebrafish manipulation strategy for fixing the
zebrafish position. In the specialized zebrafish handling system (i.e., vertebrate
automated screening technology, VAST), small capillary is utilized for immobilization
and orientation manipulation of zebrafish larvae; that is, the fish is injected into a small
capillary, where it is confined against the walls of the system and oriented using a
motorized control platform. This integrated system enables automatic sample loading,
rotation, imaging, and other functions necessary for screening (e.g., neuronal regeneration
assays) of superficial and deep organs of zebrafish(Pardo-Martin et al., 2013). Although
the VAST is a powerful system appropriate for most zebrafish research, the contactbased
sample confinement working manner may limit its application on the studies of screening
zebrafish morphologi cal abnormities or the studies that involve samples with large size
variations (Pulak, 2016; Yanik, Rohde, & PardeMartin, 2011).

As a result, researcher have sought to empby non-contact based immobilization
strategies which external force fields, such as magnetic or acoustic levitation forces, to

provide strong confinement and orientation control while minimizing the external
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physical contact. These methods allow for a remarkable level of control over the larvae
fixation and reconfiguration. However, while these systems may reduce contact based
influence on testing results, certain factors limit their real world application. For example,
magnetic based manipulation suffers from low throughputs and a reliance on external
reagents to achieve magnetic effects. Similarly, current acoustic manipulation technigues
suffer from low throughputs, and may also require the zebrafish to be outside of their
native environment which can aff ect their physiological characterization.

Traditional acoustofluidic techniques have achieved translational and rotational
manipulation of small object in a non -contact manner. For example, (Ahmed, Ozcelik,
Bojanala, Nama, Upadhyay, Chen, Hanna-rose, et al., 2016developed an acoustofluidic
rotational manipulation technique that achieves trapping and rotational manipulation of
cells and C. eleganaising acoustic streaming generated by microbubble oscillation; (J.
Zhang et al., 2019)developed an acoustofluidic chip which is capable to trap the C. elegans
using standing surface acoustic waves and rotate theC. elegansising acoustic streaming;
(Collins, Khoo, et al., 2017)leveraged the vortex acoustic streaming generated by narrow-
beam focused surface acoustic waves in the horizontal plane to trave cells. To achieve
orientation control of the zebrafish larvae for the imaging purpose, the stability of the
rotational manipulation is essential. Considering this, the acoustic streaming with a single
vortex tube pattern can be an ideal candidate to provide stable and non-contact rotational

manipulation for zebrafish rotational imaging. Although the acoustof luidic techniques
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achieves non-contact manipulation in the liquid environment, scaling up the dimension

of the single vortex for the rotation of organisms in the millimeter scale ( e.g, zebrafish
larvae) has proven challenging using the acoustofluidic devi ces with the existing working
mechanism. In most of the reported acoustofluidic devices for rotational manipulation,
the dimension and speed of the single vortex highly related to the wavelength of the
acoustic waves in the system. The dimension of the diameter of the single vortex pattern
is usually limited to 0.5 -2 times of the wavelength depending on the working mechanism
of the device (Guo, Mao, Chen, Xie, Lata, Li, Ren, Liu, Yang, Dao, et al., 2016; Mao et al.,
2017; Pulak, 2016) Thus, using the existing mechanism to generate a vortex streaming
with ~Imm in diameter for zebrafish rotational manipulation would require acoustic
waves with a frequency below ~1 MHz. Based on the fact that the streaming velocity
decreases as the acoustic frequency reduceéM. Alghane et al., 2011; Gu et al., 2020; Guo,
Mao, Chen, Xie, Lata, Li, Ren, Liu, Yang, Dao, et al., 2016; Lighthill, 1978)the velocity of
the single vortex streaming activated by these low-frequency acoustic waves in the
existing acoustofluidic platforms will be insufficient to rotate zebrafish larvae which are
in the millimeter scale. As a result, when considering the downsides associated with
current zebrafish manipulation and imaging techniques, there is still an urgent demand
for developing a novel acoustoflui dic platform that can perform large -scale zebrafish

phenotyping studies in a high -throughput, cost -efficient, and non-contact manner.
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In this chapter, we present a novel designing scheme which can generate polarizel
acoustic streaming with a pattern of sin gle vortex tube. Following this designing scheme,
the dimension of the vortex tube streaming can be scaled up and down to enable the
acoustofluidic rotational manipulation of different vertebrates based on their si ze. Then,
based on this scheme we demonstrated an acoustofluidic rotational tweezing (ART)
device with a novel working mechanism that enables efficient, stable, and noncontact
rotational manipulation of zebrafish. Using the polarized single vortex acoust ic streaming
activated by surface acoustic waves, zebrafish larvae with different morphologies in a
wide size range can be rotated stably with the speed of ~1 second/fishWith this function,

this device can be applied to multi -angle imaging of the zebrafish larvae.

4.2 Generation of single vortex streaming

In this section, we introduce the designing principal of the acoustofluidic device
which can generate single vortex streaming with a dimension in the millimeter scale . We
numerically verified the design ing principal and performed parametric study in
numerical simulation to optimize the device design. And we explain the working

mechanism of using this device for zebrafish rotational manipulation.

4.2.1 Designing principle

To develop a device that is ableto generate single vortex acoustic streaming tube
with suitable dimension and sufficient speed for the rotational manipulation of zebrafish

larva, we established adevice which leveragesthe interaction of the body force generated
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by the leaky SAWSs propagation and the fluid channel geometry. As shown in Figure 4.2,
the device consists of an interdigital transducer (IDT) fabricated on the piezoelectric
substrate and a fluid channel. The fluid channel is parallelly aligned to the lateral side of
the IDT and it partially overlaps with the effective area of the IDT. By activating the IDT
by AC signals, surface acoustic waves (SAWS) are generated on the surface of the
substrate. The SAWSs propagate symmetrically in the +x direction with respect to the IDT
center. The propagation direction of the SAWSs is parallel to the lateral side of the fluidic
channel. When the SAWSs obliquely leak in the liquid loading on the substrate, it creates a
body force which generates acoustic steaming in the liquid. As the channel partially
overlaps with the effective IDT area, the body forcein the fluid above the IDT (red area)
pushed the fluid up wards. Owing to the confined nature of the channel, the fluid
subsequently recirculates along the top of the channel before traveling down the opposite
wall and generates the single vortex streaming. With this principle, while the SAWSs
propagate in the £x directions, the resulting fluid motion, that is the acoustic streaming

with a single vortex pattern , is distributed on the y-z planes, with its center near the
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Figure 4.2: Designing principle of the acoustofluidic chip and the geometric var  iables
relative to device design. The fluid channel is aligned parallel to one flank of the IDT. The
fluid channel partially covers the effective ar ea of the IDT. The orange arrows indicate the
propagation of the surface acoustic waves (SAWSs).L: the length of the lateral side of the
IDT. W: the width of the IDT aperture. a: the width of the fluid channel. e: the width of
the effective area of the IDT covered by the fluid channel.

4.2.1 Numerical simulation

We developed a numerical model to verify this designing principle, investigate
the working mechanism , and optimize the acoustic streaming pattern that is generated in
the device.

The governing equations of the fluid motion are the continuity equation and

Navier -Stokes equation(M. Alghane et al., 2011; Lighthill, 1978):

" np i (4.1)
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" o o nn ‘n o ‘ - nnd 3 (4.2)

where” _is the fluid density, * - is the bulk viscosity, * is the shear viscosity, omis the
aln

steady streaming velocity, and 3 is the body force as a source term to activatethe acoustic

streaming. For acoustic streaming activated by SAW propagates in the +x direction, 3

decays as it propagates from the center of the IDT, and can beexpressed as(x)

O p | 61 QQ 4.3
0 T (4.4)
§e) p I 61 Q Q 4.9

where | n .

We performed the numerical simulations using the finite element method (FEM) -
based software package, Comsol Multiphysics 5.4 (COMSOL AB, Sweden) based on the
aforementioned theoretical model. The pre-defined ? +ED OE U w%OOpbP~» wbOUI Ul EEI
formulations of the governing eq uations presented in (4.1) and (4.2) was applied to the 3D
solution domain (Figure 4.3). This domain is a section of fluid in the channel above the
IDT area (domain length: 3.4 mm, IDT length: 3.15 mm). The body force in equation 4.3)
- (4.5)was applied to the portion of fluid domain which lies above the IDT (as marked by
the white dashed frame in Figure 4.3) because the SAWs and thus the body force in this

areaismuchstronl 1 UwdDOwUT PUwUI 1 POOEwWw Ow?20UU001 U2 wEODHEDU
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the channel. The boundary conditions at the bottom and sides of the channelwere set to
200w UDRx*).uh UBBOE Ua » wad @ipltéd 10 solve the steady acoustic

streaming pattern in the fluid domain.

In the following subsections, first, we leverage this numerical model to verify the
streaming pattern generated within the fluid domain based on the abovementio ned
designing principle. Then, we explore streaming patterns for di fferent values of variables
(e.g., effective IDT area overlapped with the channel bottom and channel width) and
provide reference for the optimization of chip design. Last, we numerically v erified the
i 1T EUPEDPODPUAwWOI wUUDB O strdarnify gendratedl Gasdd Préolr Besignthg OUUUD E

principle to rotate a zebrafish larva.

Figure 4.3: 3D domain of the numerical simulation. The white dashed frame indicates
the portion of fluid domain which lies above the IDT. The r ed arrows indicate the
distribution of the body force that activates acoustic streaming.
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4.2.2 Effect of width of the effective IDT area (e) to the streaming
pattern

In the abovementioned designing principle (Figure 4.2), we proposed that the
single vortex pattern can be generated by aligning the channel parallel to the lateral side
of the IDT (y axis) with half of its width overlapping with the IDT area. Here, we fix the
channel width (a) to 1.34 mm, IDT length (L) to 3.15 mm, andthe acousticfrequency (f) to
23.9 MHz. Then, we numerically explored the effect of the width of the effective IDT area
(e) to the streaming pattern in the fluid domain .

Figure 4.4 shows the streaming pattern in 3D fluid field and the streaming pattern
on the yz-plane at the middle of the simulation domain for different value of e. A s shown
in Figure 4.4, a single vortex pattern can be generated based on our designing principle.
If the channel partially overlaps with the IDT ( Figure 4.4a-g), the single vortex pattern is
formed on the y-z planes and the pattern extends along the length of the channel for the
distance of the IDT length (L). And if the whole channel is placed on the IDT (Figure 4.4h),
the vortex streaming pattern will not be formed. Thus, the single vortex pat tern can be
generated when only a fraction of the channel overlaps with the IDT.

In addition , the width of effective IDT area (e) affects thelocation of the center of
the vortex pattern (indicated by the red asterisks). When much less or much more than a
half of the channel is placed on the IDT, the center of the single vortex is far away from
the center of the channel in the y axs. When an object is in the vortex streaming, it will be

trapped at the center of the vortex and start to rotate. Thus, thevaO Ul wOiT w? 1 » wOO 0 wd OO
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the location of the vortex center, but also stable rotation position of a zebrafish larva. In
the casesthat the vortex center offsets from the center of the channel the rotation of the
zebrafish larvae was predicted to be unstable because of the asymmetric streaming pattern
and the possible resistance from the channel wall. By placing about half of the channel
upon the IDT (0.45a0 eU 0.553 Figure 4.4c-e), the center of the vortex streaming closely
overlaps with the center of the channel in the y axis, where we predict the stable rotation
axis of the zebrafish larvae will be. In this range, the distance of the 60Gpum -wide larva to
the channel wall will be about 350 um, which allows the zebr afish larvae within the size
range (<~850 um for 5 dpf larvae)to be rotated with a low chance of contacting the channel
wall. Thus, EEUT EwOOwUI I wx EUEOI Ul U w sdtihgl the uatol ofuthel 1 wY E O
overlapping widths of the IDT area (e) to the ch annel cross sectional width (a) to e=0.5a,
which means that if half of the channel width was located upon the IDT the system can

provide optimal performance for zebrafish larvae rotational manipulation.

101



Figure 4.4. Simulation results showing the effect of width of the effective IDT area  (e)
to the streaming pattern. a-h, Streaming pattern in 3D field and a streaming pattern on
the yz-plane at the middle of the simulation domain for the corresponding value of e,
respectively. The color shows the amplitude of the body force with red for la rge values
and blue for small values. The red asterisks indicate the centers of the vortex streaming
fields, which predict the location of the rotation axis. The zebrafish schematics indicate
the predicted positions of stable rotation of a larva with maxim um width of 600 -um (the
dimension of typical 5 dpf larvae) in the corresponding cases. a,b,f,g, When much less or
much more than a half of the channel is placed on the IDT, the center of the sirgle vortex
is far away from the center of the channel in the y axis. In these cases, the rotation of the
zebrafish larvae was predicted to be unstable because of the asymmetric streaming pattern
and the possible resistance from the channel wall. ce, If about half of the channel is placed
upon the IDT (0.45a0 eU 0.55a) the center of the vortex streaming closely overlaps with
the center of the channel in the y axis, where we predict the stable rotation axis of the
zebrafish larvae will be. In this range, the distance of the 600um larvae to the channel
wall will be abou t 350 um which allows the zebrafish larvae which fall within the size
range (<~850 um for 5 dpf larvae) to be rotated with a low chance of contacting the channel
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wall. Thus, the device fabrication of the acoustofluidic zebrafish larvae rotation device
was designed to be e=0.5a, which means a half of the channel width was located upon the
IDT. h, Vortex streaming pattern will not be formed if the whole channel is placed on the
IDT.

4.2.3 Effect of channel width

Through our numerical investigation, we found t hat this single vortex pattern can
El wil Ol UEUI Ewi OUwEOGawupal wel ECOI OOWEUWOOOT wE U wl
UPbal woOil wUT 1 wYOUUI BRWEEOWEIT wE E Nigrially.i Méreoket, the) E E OD OT
length of the vortex tube structure alo ng the channel length is determined by the lateral
side length of the IDT (L). These results imply that larger or smaller channels could be
designed to handle organisms of various sizes, and the single vortex streaming pattern
can be scaled to enable the eoustofluidic rotational manipulation of different vertebrates.
Considering that the length of the 5 dpf zebrafish larvae is about 3.5 mm, in this
work, we designed an IDT containing 21 pairs of IDT fingers which are 37.5 pm in width.
The overall geometry of the IDT is L=3.15 mm and W=2.24 mm. This IDT was activated
by 23.9MHz AC signals.
As a proof that vortex tubes with adjustable sizes can be generated based on the
21 wl wy d k E 2 wlchl)val@atee theuforinadion Bfsingle vortex streaming within

two channels with different sizes as shown in Figure 4.5 (a=0.8 mm and a=1.34 mm).
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Figure 4.5: Labeled schematic and geometric variables of the acoustofluidic rotational
manipulation d evice. a, b, Values of the key variables explored in this work. The two
designs of channels assembled with this IDT following the ?e=0.54 rule. The width of the
fluid channel was set toa=134 mm and a=0.8 mm as marked by the blue and red shaded
rectangles. The dashed lines indicate the middle of the channel.

The results for the 1.34mm and 0.8-mm channels are shown in Figure 4.6. Both
channels were placed overthe IDT mentioned above EOE WE OD1 O1 Ewi 600O6pPPOT w
rule. The simulation results validate that UUBD OT wOi PUw?1 4Y S k E»-scéld UDT OwU
single vortex patterns with centers aligned along the middle of the channel can be
generated without changing the IDT configuration or applied actuation signals. And, the
Ubpal woOl wOT 1T wYOUUI RWUUET wEEOwWET weENUUUI EwEawUEE

EOEWEAWUEEODPOT wOT T w( #3woOl O1 U1 w?+~> wi OUwbOUwWOI O1
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a Design #1 b Design #2
a=1.34 mm a=0.8 mm

Unit: mm

Figure 4.6: The distribution of the body force (red arrows) and the streaming pattern
(black streamlines) in the devices with a=1.34 mm (a) and a=0.8 mm (b). The body force
was applied to the domain upon the IDT area marked by the white dashed frame, which
covers half of the channel in width. The color shows the amplitude of the body force with
red for large values and blue for small values. Single vortex acoustic streaming pattern on
the yz-planes extends along the channel in the x direction and enables tre acoustofluidic
rotational manipulation of objects that lie in this area.

4.2.4 Feasibility of zebrafish rotation

To further confirm that the single vortex generated based on our designing
principle can achieve rotational manipulation to zebrafish larvae, we performed a
numerical simulation on the streaming pattern when a larva is loaded to the channel and
analyzed the total stress on the zebrafish surface at the beginning of the rotation. To
simplify this simulation, we assumed that the z ebrafish is not rotated by the streaming.
The zebrafish model was confined to a domain deducted from the fluid domain and the
simulation was performed in the fluid domain. The surface of the zebrafish (which is
supposed to be a fluid-solid interface in the real case) was set tahe boundary condition

2 00 wuOpAkwipu U Eigure@.B, eudinGlewortex streaming can still be generated
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in the fluid surrounding the zebrafish. T hus, we numerically confirmed that our design

can be applied to zebrafish rotational manipulation. Assuming that the larva does not
move, the maximum amplitude of the total stress ( Rkt * no no 3)on

the zebrafish surface is 0.45 Pa in a single vortex with a maximum velocity of 2 mm/s,
which approximately fits with the experimentally measured maximum streaming velocity

at the 12.75 % applied voltage. The integral of this total stress tensor on the zebrafish
surface acquires a hydrodynamic force with an amplitude of 4.48x10% N. Since this total
stress and the hydrodynamic force is relatively mild and in the actual situation the
zebrafish is freely suspended in the fluid without any cons traint, our design can provide

gentle and bio-compatible manipulation to zebrafish.

1
C Total Stress (Pa) 05
Unit: mm

0.01

Figure 4.7: Numerical Simulation results showing the streaming pattern with a
zebrafish larva in t he channel (a=1.34 mm).a, Streaming pattern in 3D fluid domain can
be formed with a zebrafish larva in the channel. b, The resulting streaming velocity and
streaming pattern on a 2D crosssectional plane at x=0. The streamlines with arrows
indicate the pattern of acoustic streaming. c, The total stress distribution on the surface of
zebrafish larva.
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4.2.4 Conclusion

With the above exploration, we proposed an acoustofluidic chip as shown in
Figure 4.8 for the rotatio nal manipulation of zebrafish larva. The acoustofluidic chip
consists of an interdigitated transducer (ID T) fabricated on a lithium niobate (LINbO 3)
piezoelectric substrate. When applying an AC signal, the IDT generates acoustic waves
(SAWSs) which propagates in the # directions on the surface of the substrate. A patterned
fluidic channel with a square cross-section is aligned parallel to the lateral side of the IDT
(y axis) with half of its width on the IDT. The SAWSs obliquely leak into the liquid confined
in the fluid channel and induce a body force that generates acoustic streaming. Due to the
confined nature of the channel, the fluid above the IDT is jetted upwards by this body
force, where it subsequently recirculates along the top of the channel before traveling
down the opposite wall and forms a single unidirectional vortex pattern on they -z planes.
Azl EUEI PUT WOOEETI EwOOwWUT T weil EOOI OWEEOWET wUUEEC

streaming vortex.
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Figure 4.8: Schematic illustration of the acoustofluidic rotational manipulation device.
a, The 3D experimental configuration of the acoustofluidic chip for rotational
manipulation of zebrafish larvae . b, The 2D schematic on the yzplane.

4.3 Device fabrication

To fabricate acougofluidic chip , we chose 128° Ycut lithium niobate wafer
(LINbO s, Precision Micro-Optics, USA, double-side polished, 500 um thick) as the
piezoelectric substrate for the generation of surface acoustic waves. The fabrication
process is shown in Figure 4.9. First, the interdigital transducer (IDT) was patterned on
the piezoelectric substrate by e-beam evaporation of 5 nm Cr and 50 nm Au followe d by
standard photolithography and lift -off process. In the second st@, we spin-coated an 8
pm photoresist (SU-8 10, MicroChem Inc., USA) on the top of the IDT area. This layer
insulates the electrical signal generated within the piezoelectric substrate. Next, we use e
beam evaporation to deposit an Au layer with 100 nm in thickness over the IDT area. This
layer obstructsthe IDT and enhance the sample observation. The fluid channel consists of
two parts: a PDMS channel and glass capillaries with a square crosssection (1x1 mn®).

The mold was designed using Fusion 360(Figure 4.10) and fabricated on aluminum block
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using CNC machining. The PDMS channel was made through standard soft-lithography

procedure using this mode. The PDMS channel was bonded to thecoated substrate via an
oxygen plasma surface treatment. The glass capillaries with a 1x1 mn? crosssection
(VitroCom, USA) were connected to the open ends of the PMDS channel using silicone
adhesive. Last, silicone tubing (EW-0641162, Masterflex, USA, inner diameter: 1.59 mm)
were connected with the ends of the capillaries. External wires were connected to the

electrodes of the IDT using silver epoxy (MG Chemicals, USA) to provide the activation

signals.

a LiNbO, wafer b .

_ ' photoresist

/ DT - -/
P
spin-coating
Cc d PDMS channel
- & capillary

Oxygen plasma

e-beam evaporation surface treatment

Figure 4.9: Schematic illustration of the fabricatio n of the acoustic device. a, Fabrication
of the IDT on the LiNbO s substrate using e-beam evaporation. b, A photoresist layer was
spin-coated on the IDT as an insulation layer. c, A gold layer was deposited on upon the
photoresist layer to obscure the IDT during zebrafish imaging. d, A fluid channel
composed of PDMS chamel and capillaries was bonded to the substrate.
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Figure 4.10: Design of the mold for PDMS channel fabrication.

4.4 Experimental validation of single vortex streaming pattern

In this subsection, we introduce the methods of the device operation and
experimentally measure the streaming patterns in the acoustofluidic chip s with channel

width of a=1.34mm and a=0.8 mm asshown in Figure 4.6.

4.4.1 Methods

The AC voltage signals to activate the chip were generated by a waveform
generator (AFG3102C, Tektronics Technology Corporation, PA, USA) and amplified by
an amplifier (25A250A, Amplifier Research, USA). For most cases of zebrafish larvae
rotation, the AC signals were set to 12.75 Vpp in voltage and 23.9 MHz in frequency. The
chip is mounted to an upright microscope (BX51WI, Olympus) with a CCD camera

(CoolSNAP HQ2, Photometrics) for the measurement of the streaming pattern.
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4.4.2 Measurement of acoustic streaming

As an example, we numerically and experimentally explored the single vortex
streaming patterns generated within two different channels with sizes of 1.34x1.34-mm?2
and 0.8x0.8mmz; both channels were placed over the same IDT and aligned following the
2?1 4 Y &ule.Ehe DT has an aperture width of W=2.24 mm, a lateral side length of L=3.15
mm, and were composed of 21 pairs of 37.54 O wi B GFigure41 % shows the simulated
and experimental streaming pattern for the 1.34x1.34mm?2 channel with an input
frequency of 23.9 MHz. 1-4 Owi OUOUI UET OUwx EUUDPEOI Uuwdndlizél wUOUI E
the flow field of the top and bottom plane. From this experiment we observed that the
fluid was pulled toward the IDT along the bottom o f the channel and pushed in the
opposite direction along the top of the channel. This experimental fluid motion closely
mimicked the numerical streaming patterns on the corresponding planes of the simulated
channel. A similar phenomenon can be found in the 0.8x0.8mm2 case as shown inFigure

4.11b. Thus, with our design, millimeter scale single vortex patterns with centers in the
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middle of the channel can be generated without changing the IDT design or actuation

signals.

4.5 Rotational manipulation of zebrafish larvae
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Figure 4.11: Experimental and numerical demonstration of acoustic streaming in the
channel with a width of 1.34 mm (a) and 0.8 mm (b). The streaming pattern were
measured on the xy-planes close to the channel top andbottom. The yellow shadowing
box indicates the IDT area with a length of 3.15-mm and a width of a half of the channel
width.

In this subsection, we applied two acoustofluidic chips with channel width of
a=1.34mm and a=0.8 mmto rotate zebrafish larvae (Fil UUT wK3t A3 w61 wl R xOOUI E
performance on the rotational manipulation of zebrafish larvae for AC signals with

different amplitudes.
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4.5.1 Zebrafish larvae preparation

The zebrafish (Danio rerio) studies were approved by the Institutional Animal
Care & Use Committee at Duke University (protocol # A154-1806). Zebrafish
embryos/larvae were cultured in egg water at 28 °C and 14-hour light/10 -hour dark
conditions. All the experiments were performed on zebraf ish up to 5 days post
fertilization (dpf). Th e zebrafish larvae were anesthetized with 1x Tricaine (~0.2 mg/ml;
Sigma, USA) to prevent active movement during rotational manipulation. 1% Pluronic @
F-127 surfactant (Sigma, USA) was added to the solution to improve the smoothness of

the rotational motio n.

4.5.2 Rotational manipulation of zebrafish larvae

Having numerically and experimentally verified the single vortex streaming
patterns in the channel, we sought to exploit the contactless acousofluidic manipulation
to rotate zebrafish. Here, we focused on zebrafish larvae that had an ageof 5 days post
fertilization (dpf). The dimension of the zebrafish larvae in this stage are usually around
3.2mm in length and 0.7-mm in width. We investigate the performance of the
acoustofluidic chip with a channel wh ose cross sections is 0.8x0-81m2.

As shown in Figure 4.12a, a 5 dpf zebrafish larva anesthesized with Tricaine to
prevent active movement was delivered to the rotational manipulation area. During the
acoustic excitation of the vortex streaming pattern in the liquid surrounding the zebrafish,

the larvae was trapped at the center of the vortex, and stably rotated by the fluid -induced
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drag force anticlockwise from the view of yz-plane. Figure 4.12b shows the image
sequence of a rotation cycle of a 5 dpf zebrafish larva in the microfluidic channel. The
experimental results demonstrated that the rotational manipulation of the zebrafish
larvae allows for observation from multiple axial views. Next, we explore the speed of the
zebrafish rotational motion. Due to the complex nature of the fluid motion within the
channel, the size variation of the features of the fish (e.g., body shape, sizeand mass
distribution) may slightly affect the rotation speed Here, we charactered the rotation
period using four randomly selected 5 dpf zebrafish larvae ( Figure 4.12c). Their size varies
from 3.38 to 3.60 mm inlength and 0.60 to 0.63 mm in width. Figure 4.12c, by adjusting
the peak-to-peak voltage of the AC signals from 10 V to 16 V, the period of a 360°
continuous rotation for the 5 dpf zebrafish larvae decreased from ~6 s to ~1.5 s.

These experimental results verified that the zebrafish larva with a common
dimension of about 0.6 mm in width can be r otated using the device with a 0.8-mm fluid
channel. However, for some phenotyping research, the diseases or the chemical stdied
could induce the morphological abnormalities (e.g., edema and body curvature) within
the zebrafish. For these zebrafish, theirgeometry could be different from the common
zebrafish and their size could be larger than the regular ones. Considering this, we tested
the performance of an acoustofluidic device with the channel with a 1.34x1.34mm?2 cross

section.
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Figure 4.12: Zebrafish larvae rotational motion evaluation in a channel with 0.8x0.8 mm 2
in the cross section. Scalebar: 500 um.ln Figure 4.13a, the image sequence shows a cycle
of the rotational motion of a 5 dpf anesthetized zebrafish larva in the acoustofluidic device
with a 1.34-mm-channel. The larva was stably rotated counterclockwise with respect to
the yz-plane by the fluid -induc ed drag force. The rotation period was characterized using
four randomly selected 5 dpf larvae (length: 3.43~3.6 mm, width: 0.63~0.71 mm) As
shown in Figure 4.13b,c, by adjusting the peak-to-peak voltage of the AC signals from 10
V to 16 V, the period of a 360° continuous rotation for the 5 dpf zebrafish larvae decreased
from ~2sto~0.5s.

The rotation speed of the zebrafish larvae in the 1.34mm channel was

approximately 65% faster than that in the 0.8-mm-channel. This is because the wider
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and more acoustic energy can be loaded into the larger liquid volume for generating

sufficient acoustic streaming. Additionally, the increased distance between the larvae and
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the channel wall decreases the chance that the zebrafish will contact the wall and increases
the stability of the rotation. And this larger devi ce also broads he range of larvae size that
can be manipulated within the channel. Considering the efficiency of energy transfer and
the possible shape/size variation across different zebrafish larvae, the 1.34x1.34 mAcross
section was chosen for the rdational experim ents in the remainder of this work.

As shown in Figure 4.13b and c, the rotation period could be slightly different for
different sample. This is induced by the variation in the feature sizes of zebrafish samples
(e.g., body shape, body siz, and mass distibution). This variance in the resulting rotation
velocity depends on the streaming velocity at which the fluid motion reaches a stable state
when interacting with the zebrafish. However, it is important to note that, while the
rotation period may vary fo r different sized zebrafish, a large enough drag force can
quickly bring the zebrafish into a stable and consistent rotation mode with a constant
angular velocity. This is achieved by applying a high input voltage to generate vortex
streaming. As such, in considering a balance between stable performanceand the excess
power consumption, the optimized input voltage was set at 12.75 VW, for future
manipulations . This voltage yields rapid and stable rotational manipulation since the drag
force generated by the fluid streaming is sufficiently large to overcome the inertia of the

zebrafish.
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Figure 4.13: The performance of the acoustofluidic chip for high -speed, rotational
manipulation of 5 dpf zebrafish larvae. a, Image sequence shoving a cycle of the
rotational motion of a 5 dpf anesthetized zebrafish larva in the acoustofluidic device. The
larva was stably rotated counterclockwise with respect to the yz -plane by the fluid -
induced drag force. Scale bar: 1 mm.b, The rotation periods of four typical 5 dpf zebrafish
larvae (length: 3.43~3.6 mm, width: 0.63~0.71 mm) as a function of the driving voltage
(Vpp). Overall, the rotational speed of the zebrafish larvae increases as the driving voltage
increases. Data are graphecE U w0 1 1 wid(h=6)0S0dlecd@r: 1 mmc, The rotation angle

over a single rotational cycle with respect to time for four typical zebrafish larvae at 12.75
Vpp.

With the above exploration, we determined the optimized parameters for the

acoustofluidic device for zebrafi sh rotational manipulation. Next, we applied this device
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to rotate the zebrafish larvae with morphological abnormalities to further confirm that the
device can perform the contactlessrotational manipulation without changing the innate
morphological characteristics of the sample.

Figure 4.14a-c shows a 5 dpf zebrafish larva without morphological abnormalities,
a 5 dpf zebrafish larva with moderate edema and tail curling, and a 5 dpf zebrafish larva
with severe edema and tail curling, respectively. They were loaded to the device before
the fluid streaming was activated. The first r ow of the Figure 4.14 shows their initial shape
at equilibrium states before rotation. Then we tur ned on the AC signals (12.75V) and
the zebrafish larvae started to rotate. The second to fourth rows of the Figure 4.14 show
the shape of the zebrafish during three cycles of rotation when they reached to the same
angle of their initial equilibrium states. The last row of Figure 4.14 shows the shape of the
zebrafish when they stopped the rotation and reached to the equilibrium states again. We
compared the shape of the zebafish at equilibrium states before rotation, during rotation
by streaming activated at 12.75Vpp voltage, and after rotation back to its equilibrium
position by observing the contours of the fish in Figure 4.14. No obvious differences were
observed due to the presence of the single vortex streaming.We also comparedthe angles
of the tail curvature before, during, and after rotation by vortex streaming, and detected

no change in the degree of tail curling.
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Thus, we confirm that the proposed device can perform the rotational
manipulation without changing the innate morphological characteristics of the sample for
zebrafish larvae within a broad size/shape range.

Before rotation
(without vortex)

35 - T

During rotation
(with vortex)

After rotation
(without vortex)

Figure 4.14: Comparison of zebrafish tail curling before (no vortex streaming), during
(with vortex streaming), and after rotation (no vortex streaming). a, A 5 dpf zebrafish
larva without edema or tail curling. b, A 5 dpf zebrafish larva exposed to 1.5% EtOH
shows moderate edema ard tail curling. ¢, A 5 dpf zebrafish larva exposed to 1.5% EtOH
shows severe edema and tail culing. Scale bar: 1 mm. Figures (1) show the equilibrium
status of the zebrafish outside of the vortex, figures (2)-(4) show the zebrafish during
different rotati on cycles at same corresponding viewing angles as figure (1) with respect
to each group, and figures (5) were taken after the vortex vanished and the zebrafish
reached equilibrium again. The angle gauges of figures (1) which indicate the original tail
curling degree of each group were duplicated to other figures in the corresponding group
to compare the angles of tail curling. By comparing angles of the tail curvature before,
during, and after rotation by vortex streaming, no change in the degree of tail cu rling or
body shape was detected.
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4.5.3 Discussion
' T UPET Uw UOUEUDOOE Ow Okradighxldiv@e; oud @odustdilidic k o E x | w
rotational tweezing device is also compatible with the manipulation of zebrafish at
different stages of development, which have different morphologies. One interesting
finding is that our device achieves the rotation of z ebrafish yolk without tearing the
chorion. As shown in Figure 415 Owb i | OwEwal EUEI DUT wl OE Uan)O wpyY @E x
is loaded into the device, the leaky SAW penetrates the chorion of the embryo and
generates the single vortex streaming in the perivitelline fluid within the chorion. Thus,
the yolk can be rotated by the streaming in the chorion. This observation has an
implication for acoustofluidi c-enabled, non-contact rotation, wherein the yolk, which is
the internal structures of the embryo, can be rotationally manipulated without removing
the external membrane. With this function, the need for an additional dechorionation step
(i.e., mechanical dechorionation by manually removing the chorion using forceps under
a microscope and enzyme-supported dechorionation using 1% Pronase solution) which is
required for contact-based manipulation scan be eliminated. Furthermore, Our contactless
rotational manipulations and be used to many protocols for chemical/drug screening
studies that require the existence of the chorion, as well as testing of a large number of
embryo samples for improving statistical confidence in the resul ts (Henn & Braunbeck,

2011; Martinez-Sales, GarciaXiménez, & Espinés, 2014; Teixid6 et al., 2019)
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Figure 4.15: Rotation and imaging of a zebrafish embryo (0 dpf, prior to tail extension).

a, Schematic showing the rotation of the yolk in the chorion achieved by leveraging
acoustic streaming within the perivitelline fluid of the embryo. The acou stic leaky waves
are transmitted through the chorion and generate acoustic vortex streaming in the
perivitelline fluid within the chorion which rotates the yolk. b, A sequence of images
capturing the rotation of the yolk of a ~0.2 hpf zebrafish embryo caused by the acaustic
streaming in the chorion. ¢, Magnified images of the region within the black -dashed frame
in (b), at each respective time step. The yellow and green arrows indicate and follow the
movement of the end of two lines of the texture of the de veloping organism within the
yolk, respectively. Five independent embryo rotation experiments (n=5) were used for
rotation analysis. Representative embryo images from different angles were chosen to
DOEPEEUI wUT T wUOUEUDPOOwWOOUBOYPawd&EEOl WEEUO WpE A0 w

4.6 Conclusion

In this chapter, we presented a unique design scheme which can generate single
vortex acoustic streaming to rotationally manipulate zebrafish. This mechanism can create
a strong single vortex acoustic streaming tube in millimeter -scale with high frequency

(over 20 MHz) and low input voltage (~10 Vpp), which would be challenging for the
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existing acoustofluidic platforms. In the existing acoustofluidic devices to generate single
vortex streaming, the dimension of the single vortex would be difficu Ity to scale up due
to the balance between the frequency and voltage (Collins, Ma, et al., 2017; Mao et al.,
2017; Ozcelik et al., 2018pnd the strong correlation between the vortex dimension and
wavelength (Dentry, Yeo, & Friend, 2014). Our device designing schemeovercomes these
difficulties of generating on-demand vortex streaming with previous acoustofluidic
methods.
Notably, in our design scheme, a single vortex pattern with its center aligned in
the middle of the channel cross-section can be generated for any size channel, as long as
Ul 1 drlyd@k E?2 wE OOE b (&b wfbHe eflddEive ADT ladd, & width of the
channel; Figure 4.2). The vortex pattern extends along the channel for the distance of L (L:
IDT length; Figure 4.2) and form a single vortex tubed w( OwOUT I Uwbp OUEUOwWI 600
Y 6 k Ee, thé&dviddth and length of t he single vortex tube can be adjusted by tuning the
channel width (a) and the IDT length (L), respectively. Through numerical modeling, we
YEOPEEUI EwUI EOUwWwOUUWEEOUUUOI OUPEPEWET YPETI wWwEEQu]
single vortex with controllabl e parameters. Our results imply that larger or smaller
channels could be designed to handle varioustypes of organisms based on their sizes, and
the single vortex acoustic streaming tube can be scaled accordingly to enable the
acoustofluidic rotational manipulation of different model organisms (e.g., Xenopus

embryo, C. eleganamouse embryo, or shrimp).
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Based onthis design scheme, we fabricated the acoustofluidic rotational tweezing
(ART) device and validated the streaming pattern generated in the device numerically
and experimentally. In addition, we investigated the performance of the device on
zebrafish rotation and optimized the actuation signals to achieve stable rotational
manipulation of zebrafish larvae. This stable rotational manipulation function enables the
observation of zebrafish larvae from multiple viewing perspective.

In the next two chapters, we demonstrated an ART platform with the functions of
3D rotational imaging, 3D model reconstruction, and quantification of morphological
properties in zebrafish larvae on the basis of the rotational manipulation. In addition , we
presented a proof-of-concept demonstration of using the ART system to phenotype the

effects of acute alcohol exposure on zebrafish larvae.
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5. ART System with 3D Multispectral Imaging and 3D
Reconstruction

As demonstrated in the previous chapter, we developed the acoustofluidic
rotational tweezing (A RT) device which can achieve efficient, stable, and non-contact
rotational manipulation to zebrafish larva. With this function , zebrafish larvae can be
imaged from different view -points if mounting this device to the optical microscope
platform. The morphology of the external body can be imaged by using the bright -field
light source, and the internal systems (e.g., skeleton, orgas, nerves) with fluorescent
markers can be imaged by applying the appropriate fluorescent light source. In this way,
the ART device enables 3D multispectral imaging of the zebrafish body and internal
systems of interests from different perspectives of view. Furthermore, by leveraging the
Silhouettes-based 3D reconstruction algorithms, 3D models of zebrafish larvae can be
reconstructed based on the multi-view image sequence. Based on the 3D models,
morphological properties in the zebrafish and the internal systems can be quantified for
the phenotyping studies in a various of fields (e.g., chemical screening and drug
development).

In this Chapter, we (1) present using the ART device for 3D multispectral imaging
of zebrafish larva and (2) reconstructing 3D model of the zebrafish larval external body
and internal organs. This chapter is organized as follows. Sections 5.1 introduces the
motivation of the 3D multispectral imaging and 3D model reconstruction. Section 5.2

describes princi ple of utilizing the ART device for 3D multispectral imaging. Section 5.3
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introduces the Shapefrom -Silhouettes-based algorithm for 3D model reconstruction .
Section 5.4validates the accuracy of the 3D models reconstructed using the ART system
and the customized algorithm . Lastly, a discussion and conclusion was given in Section
5.5. The work presented in this chapter has been published on Nature CommunicationgC.

Chen et al., 2021)

5.1 Motivation

Zebrafish (Danio rerio) has been widely used as a model organism in human
diseasemodeling and drug develop ment studies (Adamson et al., 2018; Howe et al., 2017;
Kari et al., 2007; MacRae & Peterson, 21b; J. L. Tan & Zon, 2011; Ward & Lieschke, 2002)
In these studies, in which visualization and morphological analysis of the zebrafish
phenotypes of interests are significant. To achieve these goals, 3D rotational manipulation
technique is required to precisely orientate the zebrafish such that the zebrafish can be
imaged more comprehensively.

With the development of modern genetic engineering technologies, zebrafish
transgenic lines, which express fluorescent protein in specific classes of cells, tisses, or
internal organs, are developed for research targeting at specific area in the zebrafish
samples. The spectrally distinct fluorescent proteins expressed in the zebrafish tissues
highlight and distinguish the targeted object s from the in neighboring tissues. Thus, ty
applying a bright -field light, the external morphology of the larval body can be visualized.

And with the multispectral imaging, by applying appropriate fluorescent light sources,
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the morphology of the internal systems (e.g., organs, skeletons, nervesyhich have been
tagged with fluorescent markers or genetically engineered to express fluorescent proteins
can be visualized in vivo by using. With the rotational manipulation function , the ART
system can be appliedto 3D multispectral imaging of the zebrafish samples, in which the
entire zebrafish and multiple fluorescently highlighted portions of the zebrafish can be

observed from multiple viewing angles.

Object O forms "
silhouette image S; on
camera k at time t;

Figure 5.1: The Shape-From-Sil houette problem scenario . A head-shaped object |= is
surrounded by four cameras at time <. The silhouette images and camera centers are
represented by-||ﬂ and |=§ respectively (Baker & Kanade, 2005)

Intro duced by Baumgart, the computer-vision-based algorithm can be applied to
reconstruct the image sequence of a certain object into a 3D mode(Figure 5.1)(Baumgart,
1974) Thus, we further developed a computer-vision -based algorithm to reconstruct 3D

models of the zebrafish and quantify the properties of interest as dig ital readouts for the

zebrafish phenotyping studies. As shown in Figure 5.2, the ART platform was designed
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to work in a flow -cytometry-like POUOI OOPS WS EET wal EUEI PUT wOEUY E wl
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model reconstruction from multi -angle images, quantification of the morphological

abnormalities, sample unloading. By handling a group of samples, the ART platform can

provide digital readouts for statistical analysis on the morphol ogical characteristics of

interest in the zebrafish phenotyping research. The goal of the developing the ART

technique is to handle the zebrafish and provide quantitative data in a similar manner

that the conventional flow cytometry deal with cells.

— Abnormal factor
- Surface area
A
ﬁ | — 7 Volume

: Multi-angle ; Morphological i
Sample loading [—» images — | 3D reconstruction|—» quantification —| Digital readout

4 |

Figure 5.2: Cytometry -like workflow of the acoustofluidic rotational tweezing (ART)
platform. For each sample, theplatform performs the steps of sample loading, rotational
imaging, 3D model reconstruction from multi -angle images, quantification of the
morphological abnormalities, sample unloading. After handling all the samples in the
group, the system provides digita | readouts for zebrafish phenotyping studies.

5.2 3D multispectral imaging using the ART device

5.2.1 Zebrafish larvae preparation

The zebrafish (Danio rerig transgenic line (2CLIP; Tg(fabp10:DsRed; ela3l:GFP))
was used for 3D multispectral imaging (Farooq et al., 2008) This transgenic line expresses
green fluorescent protein in the pancreas and red fluorescent protein in the liver.

Zebrafish (Danio rerio) studies were approved by the Institutional Animal Care & Use
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Committee at Duke University (pr otocol # A154-18-06). All the experiments were
performed on up to 5 days post fertilization (dpf).

Zebrafish embryos/larvae were cultured in egg water at 28°C and 14hour light/10 -
hour dark conditions. The zebrafish larvae were anesthetized with 1x Tricaine (~0.2
mg/ml; Sigma, USA) during rotational manipulation. 1% Pluronic ©® F-127 surfactant
(Sigma, USA) was added to the solution to improve the smoothness of the rotational
motion. For 3D multispectral imaging of the internal organs, 0.003% 1-phenyl-2-thiourea
(PTU, Sigma, USA) was added to the egg water to inhibit melanogenesis and to reduce
the zebrafish skin melanization (Karlsson, Von Hofsten, & Olsson, 2001) After the

process, the fluorescent signal of the internal organs can be observed more clearly.

5.2.2 3D multispectral imaging

During the 3D multispectral imaging, the ART chip is mounted to an upright
microscope (BX51WI, Olympus). The optical images and videos are recorded using the
microscope with a 2.5X objective lens (MPLFLN2.5X, Olympus), a CCD camera
(CooISNAP HQ2, Photometrics), and the CellSens 1.1&oftware (Olympus Corp., JPN).
The zebrafish larvae are loaded to the ART chip for imagin g. By applying a bright -field
light, the external morphology of the larval body can be visualized. Expanding on this
capability, if the larva e have been tagged with fluorescent markers or genetically
engineeredto express fluorescent proteins in certain portions of the internal systems (e.g.,

organs, skeletons, nerves), the fluorescent signals can be visualizedin vivo by using
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appropriate fluo rescent light sources. The contour of the fluorescent area shows the
distribution of the fluorescent markers or the morphology of the highlighted internal
systems.

As shown in Figure 5.3, an anesthetized 2 CLIP (5 @f) zebrafish larva, which
expresses green fluoregent proteins in the pancreas and red fluorescent proteins in the
liver, was loaded to the ART chip. The larval body, liver, and pancreas can be observed in
the bright-field, dsRed fluorescent illumination, and GFP fluorescent illumination,
respectively. By merging the optical images of the three light fields, the composite optical

image shows the relative position of the liver and pancreas within the larval body.

Multispectral imaging

5 dpf 2CLIP zebrafish
Bright-field
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Figure 5.3: M ulti spectral imaging of a 5 dpf 2CLIP zebrafish lar va. A 2CLIP zebrafish
larva is imaged under a bright -field, dsRED fluorescent illumination , and GFP fluorescent
illumination for the imaging of the body, liver, and pancreas, respectively. The merged
optical microscopic image of the three light fields reveals the relative positions of the
organs within the zebrafish body from the lateral view.

129



As demonstrated in the previous section, when the AC signals are applied to the
interdigital transducer, surface acoustic waves are turned on. The single vortex streaming
tube in the channel can trap and a zebrafish larva inside the channel and uniformly rotate
it (Figure 5.4a). Thus, not only the multispectral image, but also t he images at different
viewing perspectives can be captured to show the morphology of the zebrafish larval
body and highlighted internal systems more comprehensively. As shown in Figure 5.4b,
with the stable rotatio nal manipulation of the ART chip and the 3D multispectral imaging,
2D images from multiple axial -views of the zebrafish and its organs are captured. By
merging the images from the same viewing angle, the composite optical images shows
the relative position of the organs and larval body comprehensively.

b Multi-angle images

Figure 5.4: 3D multispectral imaging. a, lllustration of the experimental configuration of
mounting the ART device to an optical microscope to perform 3D multispectral imaging.
b, The composite optical images of the bright-field (body), DsRed (liver), and GFP
(pancreas) images from different viewing perspectives. Scale bar: 1 mm.
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5.3 3D model reconstruction

The ART with 3D multispectral imaging achieves the visualization of the la rval
body and internal systems with fluorescent proteins from multiple viewing perspectives.
Based on the multispedral 2D images, we developed a 3D reconstruction method based
on the shapefrom-silhouette algorithm to reconstruct the assembled 3D models with
internal organs and larval body. The assembled 3D models provide the location and shape
of the body and internal organ structure, as well as comprehensive quantitative data of

the morphological characteristics in each section (Figure 5.5).

5.3.1 Camera matrix

One of the most important parameters in the 3D reconstruction is the
determination of the camera matrix which connects the 3D coordinates in the real world
with the 2D position in the image. The classic camera matrix can be denoted as:0

0 Y®,0 isthe camera intrinsic matrix that contains the camera configuration itself as:

C
439

"0
Tt

- & &

where "Q "Q is the focal length in pixels that can be derived as:"Q  "@Qc¢and 'Q "JQ
‘Q Q care the length of the single pixel in the image, @ « is the image center, andi is

the shear factor of the camera. It can be decomposed into three matrixes as:

i o pmow MM nmnmn p — 1
T Q w=mp LS O T | SR o T
mT T op TTP T TP mmop
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which correspond to the 2D translation, scaling, and shear, respectively. 'Y® serves as
the extrinsic matrix including the rotation matrix and the translation matrix , which can be
referred to as the camera motion in 3D. The rotation matrix 'Y can be decomposed into the
rotation components along three axes:Y Y Y Y where, for our case, the
rotation angle of the x-axis is changing with different frames during rotation. And the 3D
translation vector 0 can be parametrized aso QO £+ i AQi "'®&  following the

general definition.

5.3.2 3D reconstruction pipeline

The digital reconstruction pipeline is briefly summarized as the following six
steps. (1) Capture the background image in an empty channel before the zebrafish enters,
then load the zebrafish and record a sequence of images for one rotation cycle
corresponding to an angle —from 1tto ¢* . (2) Perform preliminary imag e processing by
subtracting the background image from the series of rotational images, which digitally
and visually isolates the segments of the zebrafish. (3) Binarize the image series to obtain
the 2D silhouettes (Figure 5.5b). (4) Initialize a 3D grid of voxels according to the 2D

UPOT OUI UUI z UwE OU OE pdjacutie®B prafibsiintodthe @R #amewdrE O

 UOOwWUT T wWOUUUDPET w?pPOUOEwWx1 UUxI EUDPYI » wuEOEWOEUED

pointt we EEQuwi 1 O1 UEUIT wEwPEUI UUDT T U wkt#Figresdd). Naau? | UOO»

that although our experimental configuration is different from the common camera

system for applying SFS (a moving object vs a moving camera), the tensor describing the
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camera frame of reference (i.e., the camera matrix) can be considered identical since the
camera center is defined as the world origin. Thus, the relationship between the 2D image
and 3D coordinates in the real world can be expressed as®d U0 'Y 90 , where® , 0
are corresponding 2D and 3D coordinates, U is the intrinsic matrix of the camera, and
'Y © is the extrinsic matrix which can be divided into a rotation matrix Y and a
translation matrix 0. Here, ¢ denotes theth visual angle that relates to the rotation angle
of the zebrafish.

The series of images captured using the three illumination fields are recorded
sequentially and then angularly aligned to obtain one compos ite series of images. The
angular alignment is achieved by recording one extra image of the fluorescent fields with
a slight overexposure, such that the outline of the zebrafish can be identified and matched
with the corresponding angular perspective of th e respective bright field image. Then, the
fluorescent image series are aligned starting from the angle corresponding to the extra
matching image. After the fusion of the three illumination fields, the 3D multispectral
model is calculated using the same canera matrix, and the size of each voxel of the organs
(i.e, liver and pancreas) is set to be 5 to 10 times smaller than the whole body to achieve a
finer reconstruction resolut ion.

For a single zebrafish 3D reconstruction, images with the total frame num ber
ranging from 15 to 31 are used. The differences in the total number of frames depending

on the individual differences in zebrafish (e.g., each zebrafish has a slightly diff erent
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rotational velocity). Each 2D image has a resolution of 2048x2048 pixels which
corresponds to a field of view of ~5.33x5.33 mn#® for the whole image. The end of one
rotation cycle is determined by identifying the frame "Qhat has the minimum differen ce
with the firstimage: 'Q AQCETAd & &. After the number of the frames  in one
cycle is determined, the rotation angle can be estimated by— ¢“ "Q p 70 as the
acoustofluidic device generates a stable rotation with a constant angular velocity for each
zebrafish. A photomask is designed with a checkerboard pattern to obtain an accurate
camera intrinsic matrix. By taking multiple images of the photomask at different
orientations, the camera intrinsic matrix can be calibrated using the camera calibrator
toolbox in MATLAB R2016b (MathWorks, USA). Once the camera model parameters are
identified, a representation comprised of 3D volumetric voxels can be reconstructed from
the 2D binary axial-view images by intersecting all the voxels whose 2D projection is
covered by the silhouettes: & Z 40,0 6 auhasyd Tiys 0ot
where &' is the 3D coordinates of the initial voxels, ¢3 is the 2D projection of the initial
voxels in "@h viewpoint, 0 is the camera matrix in the "@h viewpoint, "Y denotes the
approximation function determining whether the 2D projection of the voxels is within the
UPOT OUI UUT UwPbOET T dw3T 1 OwlOT 1 wOEUET POT WEUEIT UwE O1
surface with a dense point cloud and triangulated meshes from the reconstructed 3D voxel
sets. Moreover, for the batch reconstruction process of the image flow model, optimization

of the camera matrix is conducted by detecting and updating the translation vector d¢and
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the region of interest (ROI) since the zebrafish may rotate in a position that has slightly
shifted from the center of the image. For this case, a frame of the ROl is defined as a square
region with a minimum side length that can cover the segments in the ima ge series and
the center of the ROI serves as the center of the zebrafish or of its organs. MeshLab 2016.12
(Cignoni et al., 2008)and SolidWorks 2016 (SolidWorks Corp., USA) are used for 3D
model texture mapping, rendering and visualization. The 3D reconstruction is
implemented using Matlab programming on a desktop with an Intel i7 CPU and 64GB
RAM. The runtime for the program to reconstruct a 3D model depends on the total
number of image frames. It ranges from 7.97 s to 10.40s for a zebrafish body
reconstruction and 12.44s to 17.34s for an organ, excluding the time to digitally save the
.STL file (3D model). The data were visualized as curves, histograms, and scatter plots by
OriginLab 2018 (OriginLab Corp., USA).

Silhouettes based

a Images from multi-view b 3D reconstruction C Rendered 3D models
—!?_‘_-,1..___&__—“ .

pREEE

Pancreas

Figure 5.5: Silhouettes based 3D reconstruction. a, The multi-view and multispectral
images of a 5 dpf 2CLIP zebrafish larva. b, 2D silhouettes of the fish body, liver, and
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pancreas obtained by binarizing the optical images. c, A rendered 3D model with fish
body, liver, and pancreas.

5.4 validation of the accuracy of the 3D models

With the abovementioned SFS 3D reconsructio n methods, we are able to generate
assembled 3D models of the zebrafish larvae. In this section, we evaluated the accuracy of

the 3D models to verify the reliability of our 3D reconstruction method.
5.4.1 Zebrafish larvae models

a Microscope images b Projected images

0° m, mg,\
15 (. 0T

90° s
225¢ M

Figure 5.6: Comparison between the optical microscope image sequence and projected
3D model images at the corresponding viewing angles. Scale bar: 500 pm.
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For validation, first, we compared the projected images of the reconstructed 3D
model with multis pectral microscope images at the corresponding viewing orientations.
As shown in Figure 5.6, no obvious differences between the optical images and projected
images were tell based on visual comparison.

Hough transform quantify the major features in the 2D images by plotting the
angles (5 and corresponding norms () of the small features in the image in the x- and y-
axis, respectively. It is commonly used in computer vision to quickly find differences in
similar i mages. For further validation, the correspondence of the projected images of the
3D model and optical image at the corresponding viewing orientation was evaluated
guantitatively by comparing their Hough transforms. For example, as shown in Figure
5.7, no obvious difference was observed between the Hough transform plots of the
merged optical image and projected image of the assembled 3D model.This result verifies
the consistence between the reconstructed 3D model andthe optical images of the real

zebrafish larva.
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Figure 5.7: Comparison between the Hough transform plots of the features of the
microscope image and the projected image at 315° in Figure 5.6. Scale bar: 500 um.

To further quantify the accuracy of the reconstructed 3D model from a three -
dimensional point of view, the binary cross -entropy loss was calculated to evaluate the
variance of the 3D model from all viewpoints. First, t he 3D point clouds of the 3D model
were re-projected back to the 2D planes from different viewpoints to get the re -projected
2D points. The crossentropy loss of one viewpoint is calculated by identifying if the re -
projected 2D points on a viewpoint are also presentin the original 2D silhouette of the
corresponding microscope images:fl  pf0 B /b nHiwhere N is the number of the
re-projected 2D points; rj and nHare 2D points in silhouette and the re-projected image,
respectively; and /b nHindicates whether the loss function (Jiis either 0 or 1 (the los
function is equal to O if the re-projected point is also found in the silhouette image, and

not present for a value of 1). Then, the total binary cross-entropy loss of the whole 3D
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model is calculated as the average from all viewpoints:0 pZ Q& fl , where "Qéis the
number of frames/viewpoints.

Figure 5.8 shows the binary cross-entropy loss which three-dimensionally
quantifies the accuracy of the 3D model in Figure 5.6. It was calculated by comparing
optical microscope images in Figure 5.6a and the corresponding re-projected images of
the 3D reconstructed point clouds from different viewing angles for the larval body, liv er,
and pancreas. This quantitative validation indicated that the re -projections from our 3D
model reconstructed using our method had a >90% level of fitting compared to the
original images. Based on these results, we verified thatour 3D reconstruction method
can generate 3D models which can (1)accurately provide the 3D shape and the relative
position between the body and the internal structures of interest and (2) quantify the

morphological characteristics (profile, volume, surface area,etc.).
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Figure 5.8: The binary cross-entropy loss for 3D reconstructed models of zebrafish
larvae, livers, and pancreases. The binary cross-entropy was calculated by comparing
optical microscope images and the corresponding re-projected images of the 3D
reconstructed point clouds from different viewpoints. n=12 for fish body and liver, n=7
i OUwxEOQEUI EUBW#EUEWEUI wi UExT T EWEUWUT T wlOl ESnpP ®2
5.4.2 Zebrafish yolk models
In addition, we performed the rotational imaging and 3D reconstruction of a
zebrafish embryo to validate the reliability of our 3D reconstruction method. Figure 5.9a
shows an optical image of a quaskspherical yolk with a radius of 354.034 O6 w3 1T PUwa doouw
rotationally imaged and reconstructed u sing the ART system. Owing to its relatively
regular geometry, the volume (V) and surface area (SA) of a yolk (prior to tail extension )
can be estimated as a sphere with V = 1.8x106 4 & and SA = 1.9x106° 4 &, respectively

(Figure 5.9b). The volume and surface area measured based on the3D model

reconstructed using our algorithm (V=1.87x16 4 & and SA=1.59x10 4 () is similar to
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that of the spherical estimation. This results imply that the ART system with multispectr al

imaging and 3D reconstruction algorism is reliable to provide quantit ative evaluations.

Zebrafish Yolk Sphere 3D reconstructed model

V: 1.86x10% um? V: 1.87x108 uym?3
SA: 1.57x108 um? SA: 1.59x10° um?

Figure 5.9: Validation of the 3D reconstruction by reconstruction and size evaluation of
a zebrafish yolk . a, An optical image of a quasi-spherical yolk. b, A sphere with a similar
radius to the yolk in (a). The volume and surface area were calculated to be 1.86x104 G
and 1.57x16 & G, respectively. ¢, The 3D reconstructed model of the yolk in (a). The
volum e and surface area of the 3D reconstructed model was evaluated to be 1.87xE¢& G
and 1.59x106 4 &, respectively, which are close to the estimated values computed from
the shape of the sphere in b. Representative image set of the projected images is frontiree
independent reconstruction calculation (n=3). Scale bar: 200 pm.

5.4.1 Zebrafish liver models

As an additional validation, we conducted a study in which we reconstructed five
3D models of a 5-dpf larval liver based on image sequences captured during five different
rotation cycles using our 3D reconstruction algorithm. As shown in Figure 5.10, when
projected from the same viewing angle, the projected images of the five 3D models yielded
similar contours. In addition, the volume and surface area of each model was evaluated

and compared. The mean standard deviations of the volume and surface area were
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calculated to be 6.5003+0.0618 (x1®pum?3) and 1.5803+0.1286 (x¥Oum?), respectively
(Figure 5.10). The small STDindicates that the reconstructed model is consistent between
different rotation cycles and our ART system with multispec tral imaging and 3D

reconstruction algorism is reliable.
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Figure 5.10: 3D reconstruction of the same liver based on image sequences captured in
five rotation cycles.

5.4.1 Conclusion

The results of the abovementioned three validation studies proof that (1) the ART
system with multi spectral imaging can provide stable rotational manipulation for
zebrafish larvae, and (2) 3D reconstruction method we customized for the ART system
can precisely and accurately generate 3D models. These 3D models can provide

qualitative and quantitative 3D data for zebrafish phenotyping research.
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5.5 Discussion and conclusion

Considering the size of the objects to reconstruct, the dimensions of the pixel
volume used for zebrafish body and organ reconstU UE UD OO wbki Ul wUiRBndE Uwl Y Al
KAk ARQusW Ux1 EUDPYI Oadw( OwUi 1l wal EUETI DUdsaaiOrEUYET z U
gradually shrink along the body. As a result, selecting a larger pixel size for body
reconstruction may induce a roughness artifact to the zebrafish tail. This could be
optimiz ed by applying a smaller pixel volume or using pixels with variable dimensions
along the body. In order to achieve continuous and rapid phenotyping of a large
population of zebrafish samples, a tradeoff was made between the precisionof model and
the speedof 3D reconstruction speed.
The accurate 3D reconstruction requires uniform rotational manipulation. Any
uneven rotation angle between each video frame would affect the resulting 3D
reconstruction. As the corresponding angles are related to the camera matix that was
used to determine the isosurface of the 3D model, any rotational non-uniformity
corresponding to an incorrect estimate for the image angle will cause distortions in the 3D
model. As mentioned in Section 4.5.2,the optimal acoustic voltage (~1275 Vpp) was used
to generate a strong acoustic streaming andsufficient drag force to overcome the inertia
of the zebrafish. This activation generates astable rotation mode in which the force torque
would be zero. And, since angular momentum is conserved, this optimal acoustic voltage

results in uniform rotation.
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Figure 5.11. Comparison of the silhouette outlines between the microscope images,
digital re -projection images, and the re-projection images with a known uneven angl e
distribution. a-c, The outlines of different re-projection cases as compared with the actual
microscope images. d, The 3D model of the zebrafish reconstructed from the original
image stack. e, The 3D model ofthe zebrafish reconstructed from video with f rame
removed in order to demonstrate angle unevenness. f, The relationship between the cross
entropy loss with respect to the number of the missing frames, as a measure of rotational
uniformity.

Here, we used aproof by contradiction to show that the ART system can achieve
rotational manipulation with relatively uniform rotation angle. Specifically, we firstly
assumed the angle is uniform and reconstructed the 3D zebrafish model. Then the 2D
digit al re-projection can be calculated for different angles. If the re-projection matches

with the microscope images at the corresponding angles, this 3D model can be considered
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as accurate and also proves the angle information used were correct. As shown inFigure
5.11, we compared the outlines of the image silhouettes for three different cases. The green
contours in Figure 5.11a are the outlines of the microscope images. The blue contours in
Figure 5.11b, which are the outlines of the re-projection, match with the contours of the
microscope images at the corresponding viewing angles. In order to demonstrate the
effect of incorrect angular alignment, we r ecorded a video of one rotation cycle and
deleted several continuous frames in order to mimic an uneven, non -uniform rotation. As
shown in Figure 5.11c, using the video with five excluded frames, we reconstr ucted anew
3D model using the original angular setup ( Figure 5.11e), and the outlines of the silhouette
show an obvious difference compared to the microscope zebrafish images. In comparison,
the re-projection from the orig inal 3D model (Figure 5.11d) indicates a proper match to
the microscope images. We also quantified the effect of the angle differences by
calculating the cross-entropy loss for different numbers of excluded frames ( Figure 5.11f).
The result indicates that without the excluded frames (uniform rotation motion in the
system), the loss is 0.04 which means, on average, the digitally reprojected image has a
4% error compared to the microscope image. When one frame is excluded, the agle
information becomes uneven, thus, the loss has increased about ~2 times and is above the
average loss shown in Figure 3 in the manuscript. With more excluded frames, the degree

of the angle unevenness becomes larger and the loss is increased, correspadingly. This
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result, although obtained indirectly, indicates that the digital reconstruction is relatively
consistent with the microscope image and the rotation speed is relatively uniform.

In this chapter, we have integrated the ART chip with the optical microscope and
a customized 3D reconstruction algorithm. With all these units, the ART platform achieves
stable and uniform rotational manipulation to zebrafish larva, 3D multispectral imaging
of larval body and internal systems with fluorescent signals, and accurate 3D model
reconstruction. With the accurate 3D models, the ART system possesses the potential to
provide qualitative and quantitative 3D data for zebrafish phenotyping research. In the
next chapter, we first demonstrated methods to quantify the morphological properties of
the zebrafish larvae based on the 3D models. Then, we incorporated a senmdautomatic
flow system to the ART platform which enables successive processing a large amount of
zebrafish samples. Then, we performed a proof-of-concept demonstration by

phenotyping a 5 dpf zebrafish larvae using the ART system.
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6. Zebrafish Phenotyping Using the ART Platform

As mentioned in Chapter 4 and Chapter 5, we develop a 3D reconstruction
pip eline that yields accurate 3D models based on the mdti -view images for quantitative
evaluation of basic morphological characteristics and advanced combinations of metrics.
In this chapter, we expand the capability of the ART platform by incorporating a se mi-
automatic flow system and developing a method to quantify the morphological properties
based on the 3D models. This improvement enables highthroughput zebrafish 3D
multispectral imaging and quantitative evaluation for the phenotyping studies.

In Chapter 6, we demonstrated high -throughput quantitative p henotyping using
the ART platform. Sections 6.1 introduces the motivation of the development of this
platform. Section 6.2 presents the methods of the flow system, zebrafish sample
preparation, and zebrafish health assessment Section 6.3 and Section 6.4 demonstrated
using the ART system to phenotype the zebrafish larval body shape and liver size,
respectively. Lastly, a discussion is given on the comprehensive capabilities and
performance of the ART system. The work presented in this chapter has been published

on Nature CommunicationgC. Chen et al., 2021)

6.1 Motivation

The zebrafish (Danio rerid has been broadly used for the phenotyping studies in
the medical, biological, and pathological research fields (Howe et al., 2017; MacRae &

Peterson, 2015) Owing to the high reproduction rate and large number of progeny from
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zebrafish, large-scale phenotyping-based studies can be rapidly performed on sufficiently
amount of samples to obtain statistically significant and re liable conclusions (Arifin &
Zahiruddin, 2017). As vertebrate model organism, zebrafish have highly functional and
comprehensive organ systems with a high degree of genetic and functional similarity to
humans. These characteristics make zebrafish the preeminent subject for human disease
modeling and in vivo chemical screening for small molecule drugs discovery (Kari et al.,
2007; MacRae &Peterson, 2015; J. L. Tan & Zon, 2011; Ward & Lieschke, 2002)hese
studies require (1) visualization of a large number of zebrafish samples and (2)
guantitative evaluation of the morphological properties of inter est to generate accurate
phenotyping re sults. Thus, we sought to develop an acoustofluidic rotational tweezing
(ART) platform that integrates the functions of (1) acoustic -based contactless rotational
manipulation, (2) multi -view multispectral imaging, (3) 3D model reconstruction and
guantitati ve evaluation of morphological abnormalities, and (4) phenotypic analysis

based on quantitative reference standard for batches of zebrafish larvae.

6.2 Methods

In this sub-section, we introduce the setup of the ART system with a semi-
automatic flow system and the routine use of this system for zebrafish phenotyping. To
evaluate the biocompatibility of routine use of the ART platform, the viability checks were

performed by evaluating the health of the zebrafish sample.
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6.2.1 Flow system

To continuously process a group of zebrafish larva, we developed a semi-
automatic flow system for sample loading, rotational imaging, and unloading. The ART

chip used in this continuous flow mode is shown in Figure 6.1.

Figure 6.1: A photo showing the assembled ART chip for zebrafish phenotyping.

This ART chip contains a Y-shaped channel with three branches. The ends of the
capillaries in each branches were connected b flexible silicone tubing with a 1.59-mm
inner diameter (EW-0641162, Masterflex, USA).As shown in Figure 6.2, end of the tubing
EOOOI EUI EwUOWEUEOET w? "ml aytnge(30EEEOED MedldalEUSA)O w E w vy
mounted to a syringe pump (78-8210, KD Scientific, Inc., USA). The syringe pump controls
the flow direction to load the zebrafish samples from the inlet PEUE OET w? 2 AwOUwUOC
a1 EUEI PUT wUEOx Ol Uwi U O The tubing cotnédie@to thetpE OEOE Uw? ! 2 A
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EQEw?! 2 wbi Ul wo Owad) pirdctevaie 09880243, IChldPharmer, Inc., USA) The
two channels of the valve is one normally open, one normally closed. Thus, the flow in
OO0l WEUEOET wOl wi PUT T Uw? 2 wEOEwW?! » woughdhe BteOE Ol Ewp
branch. The motion of the pump and the valve was controlled by a programmable
Arduino board (Elegoo, UNO R3).

The semi-automatic flow s ystem contains three pre-programmed modes of sample
loading, rotational imaging, unloading. T he status o the syringe pump and three -way
valve in each modeare shown in Figure 6.2 and Table 61. The acoustic waves are active
during the entire process and the switching between the operating modes of the flow
system was performed manually. In the sample loading mode, the pump withdrew the
sample from the inlet while the valve was set to the status of A-open/B-closed. We
manually directed the end of the tubing at inlet towards a ze brafish at the beginning of
the sample loading process toimprove the sample loading efficiency. When the sample
reached the imaging area, the pump was stopped so that the sample canstay in the IDT
area andberotationally imaged. After the sample was imaged, the status of the three-way
valve was switched to A -closed/B-open mode so thatthe pump candispense the fluid and

sample through the outlet to a container with fresh DI water.
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Figure 6.2: Schematic representation of the operating modes of the flow system. Two
valves are illustrated for flow clarification only. a, Sample loading mode b, Rotational
imaging mode . ¢, Sample unloading mode.

Table 6.1: Status of the acoustics, syringe pump, and valve in each mode of the flow
system.

Mode Acoustics Pump Valve

Loading On On, withdraw A-open/B-closed
Imaging On Off A-open/B-closed
Unloading On On, push A-closed/B-open

151




































































































































