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Abstract 

Acoustofluidic devices, which utilize acoustic energy to manipulate microparticles and 

fluids, have been widely used in biomedical studies due to their high biocompatibility 

(do not measurably compromise cell viability, morphology, or function). Based on the 

acoustic waves employed, these devices are generally divided into surface acoustic 

wave (SAW)-based and bulk acoustic wave (BAW)-based technologies. SAW-based 

devices can provide higher manipulation precision by using higher frequencies, while 

BAW-based devices can achieve manipulation with easier setup requirements. In this 

thesis, we first fabricate the Multi-View Acoustofluidic Rotation Cytometry (MARC) 

device for cell-level manipulation. MARC can pattern cells into two traces and rotate 

them in-situ simultaneously within the microchannel. By enabling single-cell 

observation from multiple angles during the rotation process, MARC exhibits better 

sensitivity for cell morphology differentiation. Using MARC, we identify the nuclear-to-

cytoplasm (N/C) ratio as the most sensitive cytomorphological parameter during 

rotation, and show that rotation-based N/C analysis more clearly (i) distinguishes 

cancer cells from healthy cells and (ii) distinguishes different cancer cell types. We 

then build the Acoustic Droplets Activated Permeation (ADAP) device for tissue-level 

manipulation-perturb skin tissue and enhance transdermal drug delivery. By 

dispensing intensive droplets onto the skin surface, ADAP induces opening of the 

stratum corneum (SC) layer to facilitate transdermal permeation. Testing with various 

drug molecules shows that ADAP significantly improves delivery efficiency compared 

with passive diffusion. Then in-vivo hypoglycemic mouse models demonstrate that 

ADAP can achieve effective transdermal delivery of glucose solution for blood-glucose 

recovery in a non-invasive manner. Finally, we summarise our achievements based 

on the two research works and outline future directions for advancing these studies 

and developing improved acoustofluidic manipulation technologies.  
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Chapter 1: Manipulation in Biomedicine 

1.1 Introduction 

Techniques that allow precise manipulation of single particles, cells, and organisms 

are invaluable to advances in biology, chemistry, engineering, and physics.1 Driven by 

rapid micro- and nano-manufacturing developments, a diverse array of microscale 

manipulation methods has emerged in recent decades.2 Based on the underlying 

physical forces, these approaches are generally classified into five categories: optical, 

electrical, magnetic, hydrodynamic, and acoustic. Each method offers unique 

advantages and presents specific limitations, so the ideal choice depends on the 

requirements of the application. 

In this chapter, we first introduce the key manipulation strategies using various 

physical fields, detailing their operating principles and their enabled biomedical 

applications at various scales. Next, we evaluate the relative strengths and 

weaknesses of these techniques in a comparative analysis. Finally, we highlight 

several representative acoustofluidic manipulation applications in biomedicine, 

illustrating their effectiveness at both the cell and tissue levels. 

1.2 Current Manipulation Technologies 

1.2.1 Optical Field Approaches 

Arthur Ashkin, the father of optical tweezers,  first observed in 1970 that laser radiation 

pressure could trap dielectric spheres.3, 4 In 2018, the Nobel Prize in Physics was 

awarded to Arthur Ashkin for the invention of optical tweezers (OTs), underscoring the 

significance and scientific impact of this technology.5 

Optical-field methods usually rely on a highly focused laser beam that acts as an 

optical trap, applying trapping forces and torques to particles of interest. The stiffness 

and magnitude of the forces applied by OTs vary with the laser intensity, enabling 

label-free manipulation of captured micron-sized dielectric particles. As shown in Fig. 

1.1, intensity gradients in the converging beam draw small objects, such as a colloidal 

particle, toward the focus, whereas the radiation pressure of the beam tends to push 

them along the optical axis. When the gradient force dominates, a particle can be 

trapped in three dimensions near the focal point.6 



2 
 

 

Figure 1.1. Optical field manipulation mechanism illustration.6 

Optical fields provide the highest spatial resolution in micromanipulation, enabling 

nanometre-scale positioning and piconewton-scale force measurement for individual 

micro- and nano-objects, and are therefore widely used in biomedical studies at the 

molecular, subcellular, and single-cell levels. At the molecular level, optical fields have 

contributed significantly to understanding the structures of proteins and nucleic acids. 

For example, OTs have been used to drive single molecules of green fluorescent 

protein (GFP) into folding and unfolding intermediate states while simultaneously 

probing single-molecule fluorescence from each state. These experiments showed 

that GFP fluorescence requires complete structural integrity: none of the unfolding or 

refolding intermediates fluoresced, but fluorescence was recovered upon complete 

refolding, enabling reversible, mechanical switching of GFP between on and off 

states.7 OTs have also been used to study interactions between telomerase and its 

substrate DNA during the translocation process. As shown in Fig. 1.2a, the connection 

between the two beads is formed by the association of telomerase with its substrate 

DNA. When a low constant force (4.0-4.5 pN) is applied to the tether, substrate 

elongation by telomerase is measured as an increase in the distance between the 

beads. Based on these measurements, the authors demonstrate that stable binding 

of the substrate DNA at an anchor site within telomerase enables processive synthesis 

of telomeric repeats, meaning that telomerase can add multiple repeat units in 

sequence during a single binding event without dissociating from the DNA.8 At the 



3 
 

subcellular level, optical fields have been used to study membranes, stiffness, and 

cellular interactions. As illustrated in Fig. 1.2b, when OTs pull latex beads away from 

a cell, the cell actively contracts and interacts with the surrounding extracellular matrix. 

Using this method, it was shown that cell contractility induces large stresses that 

generate a substantial stiffness gradient over an extended region in 3D matrices of 

collagen, fibrin, and Matrigel.9 Finally, optical fields are also applied to cell-level 

manipulations such as cell transportation,10 cell rotation,11  and cell elastic 

deformation.12 As shown in Fig. 1.2c, dual-beam OTs can move two trapped particles 

apart to exert a stretching force on a central cell. Under constant-force stretching, the 

deformability of the P. falciparum infected red-blood-cell (Pf-S-pRBC, schizont stage) 

is significantly reduced compared with healthy RBC (H-RBC).12 

 

Figure 1.2. Optical fields applied in biomedical applications. (a) Molecular-level: 

Illustration of experimental design to measure processive telomerase catalysis.8 (b) 

Subcellular-level: Schematic of force-displacement measurement between 3D 

extracellular matrix and MDA-MB-231 cell contraction.9 (c) Cell-level: Optical images 
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of H-RBC, Pf-S-pRBC deformability prior and after tensile stretching by optical 

tweezers.12 

1.2.2 Electrical Field Approaches 

The use of the electric field in manipulation was first reported and defined by Herbert 

A. Pohl in 1951. He described the phenomena of particles motion induced by the non-

uniform electric field and defined it as “dielectrophoresis”. And he applied this effect to 

remove suspended solid particles from polymer solutions.13 

Electrical forces can be classified into electrophoresis (EP) or dielectrophoresis (DEP) 

depending on whether they act on a particle's fixed or induced charge, respectively. 

As shown in Fig. 1.3a, consider charged and neutral particles in a uniform electric field: 

the charged particle (left) experiences an EP force, whereas the dipole induced in the 

uncharged particle (right) results in no net force (𝐹- = 𝐹+ ). EP arises from the 

interaction between a particle’s charge and an electric field, whereas DEP (in its 

simplest form) results from the interaction between a particle’s dipole and the spatial 

gradient of the electric field. In Fig. 1.3b, a neutral particle is placed in a nonuniform 

electric field; it experiences a net force toward the field maximum because the field 

magnitude differs at the two ends of the particle (𝐹- > 𝐹+). These principles enable a 

variety of forces can be created to translate, rotate, stretch, or otherwise manipulate 

particles.14  

 

Figure 1.3. Electrical field brief working principle illustration.14  
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Due to their non-invasive manipulation capability and low setup cost, electrical fields 

have become a powerful tool for biomedical studies at the molecular and cell levels. 

At the molecular level, electrical fields have induced cell-specific drug delivery via 

nanowire vehicles,15 and trapping of DNA and proteins.16 As the illustration displays in 

Fig. 1.4a, a DEP nanotweezer has been developed, comprising two individually 

addressable nanoelectrodes separated by an ~10-20 nm insulating septum. This 

minimally invasive nanotweezer can be positioned at a chosen region of a living cell 

to extract biomolecular samples, such as DNA, mRNA, and mitochondria, with single-

molecule precision. Here, “single-molecule precision” refers to the highly localised 

DEP field near the tweezer tip, which concentrates the strongest forces within a 

nanoscale volume rather than implying that surrounding molecules or cells experience 

no force.16 At the cell level, electrical fields have been applied in cell  trapping,17, 18 cell 

rotation imaging,19  selective separation and sorting,20, 21 and highly controlled cell 

electrofusion.22 For example, DEP can trap a P3X myeloma cell (a commonly used 

mouse myeloma fusion partner) together with an activated B lymphocyte (a B-cell blast) 

and bring them into close membrane contact. A short AC pulse can then initiate fusion, 

ultimately forming a heterokaryon, which is a fused cell that temporarily contains nuclei 

from both parent cells, after about 3 minutes (Fig. 1.4b).22  

 

Figure 1.4. Electrical field applied in biomedicine researches. (a) Molecular-level: 

Schematic illustration of a DEP nanotweezer generates a highly localized electric field 

gradient that can trap targeted molecular inside a cell.16 (b) Cell-level: Electrofusion of 

a P3X myeloma cell and a B cell blast under the DEP field cage.22 
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1.2.3 Magnetic Field Approaches 

In demonstrations of magnetism, iron filings dispersed on a piece of paper held close 

to a magnet orient and align to reveal the distribution of magnetic field lines produced 

by the magnet, and they faithfully follow the magnet’s movements and rotations. 

Following the same principles, Crick & Hughes used magnetic actuation to drag, twist, 

and prod magnetic particles within the cytoplasm of cells, providing the first 

demonstration of magnetic tweezers.23 

Basic magnetic tweezers comprise a pair of permanent magnets positioned above the 

sample holder of an inverted microscope equipped with a charge-coupled device 

(CCD) camera connected to a frame grabber. Fig. 1.5 depicts the magnetic-field 

implementation used to investigate molecular unwinding mechanisms and rotational 

friction. A molecule is tethered between the surface of a flow cell and a paramagnetic 

bead. The applied magnetic field induces a magnetic moment in the bead, which 

experiences a force proportional to the field gradient. Rotating the external magnets 

causes the bead to rotate, thereby inducing coiling (twist) in the molecule. 24, 25 

 

Figure 1.5. Magnetic field brief working principle illustration.24 

Because biological tissue is nearly “transparent” to magnetic energy and fields (i.e., 

magnetic fields pass through tissue without being significantly absorbed or distorted), 

magnetic fields offer key advantages: large force output, high precision, and deep-

tissue penetration. 26, 27 Building on these advantages, magnetic fields have seen 

substantial advances in molecular-level and cell-level applications. At the molecular 
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level, magnetic fields used to probe DNA topology and the activity of topoisomerases 

(enzymes that temporarily cut and rejoin DNA to relieve supercoiling),28  measurement 

and deduction of effective torsional modulus of DNA,29  protein folding mechanics and 

kinetics study.30, 31 As an example illustration in Fig. 1.6a, a five-helix bundle protein 

(wildtype 𝜆଺ି଼ହ, refer as 𝜆௪௧) was reconstructed so that it can be pulled by magnetic 

forces at low loads. At a given force, hundreds of folding and unfolding events of 𝜆௪௧ 

were observed over hundreds of seconds. Increasing the force inverted the 

populations from a predominantly folded state (low extension) to a predominantly 

unfolded state (high extension).31 At the cell level, magnetic fields have been applied 

to cell transportation,32 cell mechanics measurement,33 and to study crosstalk between 

cell-death signalling pathways, where shared regulators and feedback loops can shift 

cells between apoptosis, necroptosis, and other death programmes depending on 

context.34 As shown in Fig. 1.6b, after applying a 10 nN force to a mouse embryonic 

fibroblast cell (using magnetic microbeads coupled via integrin-type adhesion 

receptors to the cytoskeleton), the cell did not fully recover its original shape even after 

a waiting time of 5 s-more than 50 times the 0.1 s force-application duration.33 
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Figure 1.6. Magnetic fields applied in biomedicine researches. (a) Molecular-level: 

Schematics of the recombinant protein construct in the magnetic tweezers setup (left), 

and zoom-in to the extension over a time-lapse of 20 s for three different forces (right) 

showing unfolding and refolding of 𝜆௪௧ .31 (b) Cell-level: NIH3T3 mouse embryonic 

fibroblasts cell shape recovery measurement through stretching a magnetic particle 

attached to cell surface for 0.1 s and relaxation 5 s.33 

1.2.4 Hydrodynamic Field Approaches 

Hydrodynamic field approaches use controlled flow (e.g., laminar shear, pressure-

driven transport, and sheath-flow focusing) to position and move cells/bioparticles in 

a predictable manner, typically without labels and with minimal perturbation. As a 

familiar example, in many flow cytometers (including FACS instruments), 

hydrodynamics is primarily used in the fluidics module to achieve sheath-flow 

hydrodynamic focusing, aligning cells into a narrow, near single-file stream for 

consistent interrogation; the measurement and sorting functions are handled by the 

optical, electronic, and actuation subsystems rather than by hydrodynamics itself.35, 36  
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Hydrodynamic technologies rely on the intrinsic properties of fluids (hydrodynamic 

effects) to manipulate bioparticles and do not require external fields for driving forces. 

Here we separate the mechanism in two scenarios: adherent and suspended 

bioparticles subjected to fluid flows that have two corresponding hydrodynamic effects 

(Fig. 1.7). When fluid flows in microfluidic channels at the velocity (𝑈), the velocity 

profile inside a circular channel or pipe is referred to as being “parabolic”, with a 

maximum velocity occurring at the channel centreline. In this case, the wall shear rate 

generates shear stress that acts on wall-adherent bioparticles, and the wall strain rate 

can be controlled by the microchannel height and width (Fig. 1.7a). For suspended 

bioparticles in a straight microchannel, motion is governed predominantly by shear-

gradient lift forces that drive the particle toward the walls, and wall-induced forces that 

drive it away from the walls toward the channel centre. The interplay between these 

forces yields a steady-state equilibrium position, and the locations of stable equilibria 

depend on the channel cross-sectional shape. In a curved microchannel, because of 

the curvature in the channel, centrifugal forces acting on fluid elements create a radial 

pressure gradient that drives the fluid radially, triggering a secondary recirculating flow 

across the channel cross section that consists of two symmetric vortices and is 

referred to as a Dean flow. Because larger particles experience stronger Dean drag, 

they tend to focus near the inner wall, whereas smaller particles focus near the outer 

wall (Fig. 1.7b).37 
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Figure 1.7. Hydrodynamic field short working principle illustration.37 (a) For 

adherent bioparticle. (b) For suspended bioparticle. 

Hydrodynamic fields are label-free and can be non-perturbative for bioparticles, 

meaning they can manipulate samples without significantly altering their native state, 

and they have therefore been widely applied in studies at the molecular and cell levels. 

At the molecular level, hydrodynamic fields have been used for  DNA focusing and 

separation,38, 39 and for the separation of bacterial artificial chromosome DNA.40 As 

shown in Fig. 1.8a, the design of the hydrophoretic device consists of regularly 

patterned obstacles that serve as a molecular sieve. A large molecule (Micrococcus 

DNA, 115 kb, meaning ~115,000 base pairs) with a radius of gyration (𝑅௚, a measure 

of how spread out the coiled molecule is in solution) that is greater than the obstacle 

gap (𝐻௚) does not immediately pass through the gap but migrates toward the left 

sidewall, whereas a smaller molecule (𝜆-phage DNA, 49 kb) with 𝑅௚ < 𝐻௚follows the 

hydrophoretic ordering and is separated from the large molecule. At the cell level, 

hydrodynamic methods have been applied to cell stimulation,41, 42 selective cell 

sorting,43 cell trapping,44, 45 and cell mechanical phenotyping.46, 47 Using inertial 

focusing to uniformly deliver cells to a stretching extensional flow where cells are 

deformed at high strain rates, high-throughput cell biophysical information including 
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initial diameter and deformability can be acquired and analysed (Fig. 1.8b). Based on 

this approach, researchers rapidly assayed the deformability of native leukocytes and 

malignant cells in pleural effusions and accurately predicted disease state in patients 

with cancer and immune activation, with a sensitivity of 91% and a specificity of 86%.46 

 

Figure 1.8. Hydrodynamic field applied in biomedicine researches. (a) Molecular-

level: Differential molecular ordering of Micrococcus DNA and 𝜆-phage DNA.39 (b) 

Cell-level: Deformability cytometry for MCF-7 population biophysical measurements.46 
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1.2.5 Acoustic Field Approaches 

The term “acoustic tweezers” was first used in 1991, when Junru Wu reported that 

acoustic potential well can trap the latex particles and frog eggs clusters and can move 

them axially.48  

Acoustic-field approaches usually rely on two main nonlinear acoustic effects that 

induce the momentum change of the microparticles or their environments: acoustic 

radiation force and acoustic streaming. The acoustic radiation force (ARF) is a time-

averaged force that acts at interfaces between media with different acoustic properties, 

arising from scattering and absorption of acoustic energy. When manipulating 

microparticles whose radius (𝑎) is considerably smaller than the acoustic wavelength 

(𝜆) in the fluid, it is named Rayleigh particle (𝑎 ≪ 𝜆). In this regime, the Gor’kov 

potential derived an expression to calculate the gradient ARF on a Rayleigh particle. 

The second effect-acoustic streaming, is another nonlinear acoustic effect that 

converts acoustic energy into steady flows in the surrounding fluid. As shown in Fig. 

1.9a, two pairs of acoustic-wave generators form a three-dimensional (3D) acoustic 

field. By controlling the interplay between the acoustic radiation force and the Stokes 

drag force induced by acoustic streaming, microparticles can be manipulated along 

the 𝑥, 𝑦, and 𝑧 axis (Fig. 1.9b).49 Here we provide only a brief introduction to acoustic 

fields, a detailed description is given in Chapter 2.    

 

Figure 1.9. Acoustic field brief working principle illustration.49 (a) Schematic of a 

three-dimensional (3D) acoustic manipulation. (b) Main acoustic forces that bioparticle 

experienced in the 3D trapping node. 

Acoustic fields offer label-free manipulation and excellent biocompatibility. In recent 

years, acoustic micromanipulation has attracted growing research interest and has 
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been applied at the molecular, subcellular, single-cell, and tissue levels studies. At the 

molecular level, acoustic fields have been used for force spectroscopy of DNA-protein 

interaction,50 and for accelerating enzymatic catalysis.51, 52  As shown in Fig. 1.10a, an 

acoustofluidic platform featuring acoustic virtual stirrer (AVS) arrays uses an oscillating 

acoustic-node lattice to generate dynamic radiation forces and Eckart streaming, 

creating turbulence-like mixing for efficient in situ mixing and mass exchange. the AVS 

platform demonstrates effective enhancement of enzyme–nucleic acid reactions, 

including polymerization by DNA polymerase Ⅰ and ligation by T4 DNA ligase.52 At the 

subcellular level, acoustic fields have been extensively used for biomarker enrichment 

especially for exosome concentration.53, 54 A dual wave acoustic device enables 

ultrafast concentration of extracellular vesicles (EVs) is presented in Fig. 1.10b. By 

setting a 120° angle between the interdigital electrodes and the reference flat of the 

piezoelectric substrate, the device simultaneously generates Rayleigh and shear-

horizontal waves, resulting in effective EV concentration in droplets while preserving 

EV integrity under cryo-electron microscopy.54 At the cell level, acoustic methods are 

widely used for cell separation and sorting,55, 56 cell stimulation,57 and cell lysis.58, 59 

As shown in Fig. 1.10c, a surface acoustic wave (SAW) based cell stimulation device 

has been built for cell differentiation stimulation. The generation of SAW coupling into 

the cell medium form leaky SAWs and induce surface vibration on the LiNbO3 

substrate. Together these effects act on human embryonic stem cells (hESCs), 

producing a significant acceleration in neural differentiation.57 At the tissue level, 

acoustic tweezers support the construction of complex, functional tissue via bioprinting 

or bioassembly,60, 61, 62  assist targeted drug delivery,63, 64 and trigger tissue 

reprogramming or maturation.61, 65, 66 One study reported that ultrasound standing 

waves can organize myoblast populations within material systems to engineer aligned 

muscle tissue constructs. Patterned muscle engineered using type Ⅰ collagen 

hydrogels exhibits significant tensile anisotropy and, under mechanical constraint, 

produces microscale alignment at both the cell and fibre levels (Fig. 1.10d).61 
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Figure 1.10.  Acoustic field applied in biomedicine researches. (a) Molecular-level: 

Stirring to increase the efficiency of interfacial enzymatic nucleic acid reactions.52 (b) 

Sub-cellular level: Ultrafast extracellular vesicle concentration.54 (c) Cell-level: Human 
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embryonic stem cells acceleration differentiation to neurons.57 (d) Tissue-level: 

Patterning myoblast populations forms engineering of aligned muscle tissue 

constructs.61 

1.3 Summary of the Manipulation Approaches 

As shown above, a range of physical-field modalities have been developed for 

microscale manipulation, each offering distinct advantages depending on the sample 

type and experimental goal. To support an objective comparison, Table 1.1 

summarises representative manipulation performance and concise 

strengths/limitations across these methods. Optical tweezers provide the highest 

spatial resolution and precise single-object control; however, the high optical 

intensities required to form stable traps can potentially damage fragile biosamples.67 

Electrical-field approaches enable versatile on-chip actuation and can be highly 

programmable, but local application is challenging, requiring either closely spaced 

invasive electrodes or surface electrodes that may non-specifically stimulate cultured 

biosamples.68 In addition, electric fields cannot provide mechanical stimuli during cell 

or tissue development.69 Magnetic fields can penetrate deep tissue and generate high 

forces, yet most cells are not inherently responsive, often necessitating additives such 

as magnetic nanoparticles to transmit magnetic forces for assembly or mechanical 

stimulation.70, 71 Such magnetic labelling methods may be cytotoxic and cause cell 

death.72 Hydrodynamic methods are among the simplest and can be highly scalable; 

however, their controllability is limited and their ability to manipulate nanoparticles is 

typically of only modest precision.73 Acoustic approaches provide a complementary 

contact-free route by coupling acoustic waves to fluids to generate acoustic radiation 

forces and acoustic streaming, enabling manipulation of particles and fluid flows using 

engineered pressure fields, often at power levels comparable to ultrasound imaging. 

Practical performance is device- and sample-dependent (e.g., 

resonance/geometry/medium), and achieving nanometre-scale precision remains 

challenging relative to optical trapping. Overall, there is a clear trend toward 

manipulation platforms that combine high flexibility, high precision, high repeatability, 

and contactless/biocompatible operation, while remaining practical and convenient for 

routine use. 
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Table 1.1. Summary of different particle manipulation technologies. 

Technique Size range Input 

power 

Spatial 

resolutio

n 

Strengths Limitations 

Optical 100 nm-1 

mm 

106-107 

W/cm2 

0.1-1 nm Ultra-fine 

positioning 

and strong 

single-target 

control 

Risk of photo-

heating/phototo

xicity; complex 

setup 

Electrical 1 nm-1 

mm 

104-107 

V/m 

0.1-1 µm Highly 

tuneable 

actuation on-

chip; good 

programmabil

ity 

Electrode 

dependence; 

possible 

unintended cell 

stimulation; 

limited 

mechanical 

stimuli 

Magnetic 1-10 µm 1-10 

tesla 

1-10 nm Remote 

forcing with 

deep 

penetration; 

large 

achievable 

forces 

Often requires 

magnetic 

tags/particles; 

potential bio-

toxicity 

Hydrodyna

mic 

100 nm-1 

mm 

N/A 1-10 µm Simple 

infrastructure; 

high-

throughput 

handling/focu

sing 

Geometry/flow 

constrained; 

weak “hold-

and-place” 

control at 

nanoscale 
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Acoustic 100 nm-10 

mm 

10-2-10 

W/cm 

1-10 µm Contact-free 

actuation; 

typically 

label-free; 

can drive 

both particle 

motion and 

flow 

Needs careful 

acoustic tuning 

(resonance/me

dium); 

nanoscale 

precision 

generally 

difficult 

 

1.4 Representative Acoustofluidic Manipulation Applications at the 

Cell and Tissue Levels 

Having briefly introduced the history and mechanisms of acoustofluidics and 

highlighted its superior advantages for biomedical manipulation, this section we 

present several representative studies in which acoustofluidic technologies have 

enabled critical advances at the cell and tissue levels. 

1.4.1 Cell-Level Application 

2D Patterning: 

Arranging cells and microparticles into desired patterns is of great interest for 

biomedical applications such as single-cell analysis, cell-cell interaction studies, and 

micro-arrays.74, 75 Based on the patterned shapes, acoustofluidic-enbled 2D cell 

patterning can typically be classified as: regular shape pattern (e.g., lines,74 dot 

arrays.76, 77) and irregular shape patterns (e.g., letters,78, 79, 80, 81 and arbitrary images.82, 

83).  

As shown in Figs. 1.11a-b, devices for regular patterns typically use a pair of 

interdigital transducers (IDTs) deposited on a piezoelectric substrate in either a parallel 

or an orthogonal arrangement. Generating two identical SAWs that propagate either 

in opposite (Fig. 1.11a) or orthogonal (Fig. 1.11b) directions produces standing SAWs 

(SSAWs) and, in turn, a periodic distribution of pressure nodes (minimum pressure 

amplitude) and antinodes (maximum pressure amplitude) on the substrate, which 

drives particles to the nodes or antinodes.77 By further employing two pairs of 

orthogonally patterned IDTs at higher frequency (i.e., the acoustic wavelength is 

comparable to the microparticle size), single particles or cells can be arranged into dot 
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arrays.76 For irregular pattern, an additional acoustic layer (e.g. lenses, holograms, 

and metasurfaces) is usually placed above the transducer to reshape the acoustic field 

for more precise patterning. As shown in Fig. 1.11c, Melde and colleagues used a 

single transducer coupled to a monolithic hologram element; only one electrical signal 

is required because the local thickness of the hologram element controls the pressure-

field shape. In this way, they reconstructed diffraction-limited acoustic pressure fields 

and arbitrary ultrasound beams, patterning microparticles into a pigeon-shaped image 

in water and propelling objects to surf on the water surface.83 More recently, an 

ultrathin metasurface approach using planarized micropillars in a discretized phase 

array has been demonstrated. Compared with prior acoustic holography, this 

metasurface enables ultrathin, planar holographic kinoforms without multilevel 3D 

fabrication, extending the potential of acoustic holograms—especially for high-

frequency, small-wavelength micromanipulation—and achieving letter patterns with 

higher precision.79 
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Figure 1.11. Acoustofluidic systems for 2D cell patterning. (a) Line pattern.77 (b) 

Dots array pattern.77 (c) Irregular pattern: pigeon image shape.83 

Rotation: 

Controllable rotational manipulation of microscale objects benefits various fields, as it 

permits observation of cells and small organisms from arbitrary angles and simplifies 

procedures for analysing cell mechanics, characterising biosample physiology, and 

performing microsurgery.84 Acoustic-based rotational manipulation has recently 

emerged as a promising method for rotating microparticles, particularly in biological 

samples. Based on the working mechanism, acoustofluidics-enabled rotation can be 
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classified into two groups: bulk acoustic wave (BAW)-based rotations (including  

microbubble-based,85, 86, 87, 88 microstructure-based,89, 90 standing-wave superposition 

-based.91, 92) and SAW-based rotations.93, 94   

For microbubble-, microstructure-, and standing-wave superposition-based rotations 

all rely on bulk acoustic wave (BAW) actuation, but the source of the rotational driving 

force differs. As shown in Fig. 1.12a, the trapped microbubbles are driven into 

oscillation, generating steady microvortices that precisely rotate a lily pollen grain, 

producing stable out-of-plane rotation. Because the fluorescent dye binds nucleic 

acids-DNA, the vegetative nucleus of the bicellular lily pollen grain can be visualised 

during rotation. By capturing multiple rotations at different focal planes—enabled by 

the grain’s ellipsoidal (non-symmetric) shape—a dense 3D reconstruction of the 

fluorescently labelled lily pollen grain can be built.85 For microstructure-based rotation, 

applying an external acoustic field to the microchannel causes sharp-edge structures 

to oscillate, generating acoustic streaming that, in turn, rotates single HeLa cells (Fig. 

1.12b).89 For standing-wave superposition-based rotation, an ultrasound acoustic trap 

was developed that levitates and reproducibly reorients zebrafish larvae and tumour 

spheroids for multi-angle optical coherence tomography (OCT), enabling non-contact, 

repeatable acquisition from arbitrary views for improved volumetric imaging (Fig. 

1.12c).91 For SAW-induced rotation, interdigital transducers (IDTs) are integrated with 

a microchannel whose dimensions are specifically designed to induce acoustic 

streaming for bioparticle rotation. As shown in Fig. 1.12d, the actuation of a pair of 

IDTs induces a large streaming vortex in the microchannel, which in turn rotates C. 

elegans to different orientations. Conventionally, examining C. elegans neurons is 

difficult without confocal microscopy. By controllably rotating C. elegans to any angle 

using the SAW chip, fluorescent images of neurons from distinct orientations can be 

acquired, clearly revealing the worms’ biological characteristics.94 
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Figure 1.12. Acoustofluidic devices for bioparticle rotation. (a) Microbubble-

based rotation.85 (b) Microstructure-based rotation.89 (c) Standing-wave superposition-

based rotation.91 (d) SAWs-based rotation.94 
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1.4.2 Tissue-Level Application 

Targeted drug delivery 

A major challenge in the drug delivery field is to effectively target and deliver 

therapeutic agents to their intended destinations. Acoustofluidic devices have 

therefore been explored as versatile tools to transiently and reversibly modulate 

biological barriers for drug transport. In practice, development at the tissue level has 

focused on two representative barriers: the skin (opening the stratum corneum for 

transdermal delivery)63, 95, 96, 97, 98 and the brain (opening the blood–brain barrier for 

central nervous system delivery).64, 99, 100 

For skin tissue transdermal drug delivery, acoustic devices typically rely on either 

cavitation (bubble oscillation and collapse) or non-cavitation ultrasound (pressure 

gradients and oscillations) to increase stratum corneum (SC) permeability. As a 

representative example (Fig. 1.13a), a conformable ultrasound patch (cUSP) induces 

cavitation in the coupling fluid between the patch and skin. The cUSP comprises 

piezoelectric transducers embedded in a soft elastomer, creating localised cavitation 

pockets over large areas of conformal contact. This design achieved a 26.2-fold 

enhancement of niacinamide delivery in a porcine model within 10 minutes compared 

with passive diffusion.95 For brain tissue central nervous system (CNS) delivery, 

traditional acoustic technologies normally use focused ultrasound with concomitant 

administration of intravenous microbubbles. When the acoustic focus overlaps the 

microbubbles, their oscillation mechanically perturbs endothelial cells and transiently 

opens intercellular spaces, permitting drug passage the blood–brain barrier (BBB). In 

contrast, a more recent SAW-based acoustofluidic approach opens the BBB without 

exogenous microbubbles. The acoustofluidic transwell (AFT) was developed for 

reversible disruption of the BBB (Fig. 1.13b). The AFT comprises a transwell insert, in 

which the BBB model is established, and a SAW transducer implemented using open-

source electronics based on printed-circuit-board techniques. In this device, SAW 

stimulation increased transendothelial permeability to sodium fluorescein and FITC–

dextran of various molecular weights, primarily due to apparent stretching of 

intercellular (tight-junction) spaces. Further in-vivo study, a zebrafish model further 

demonstrated that SAW exposure promoted penetration of sodium fluorescein into the 

CNS.64 
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Figure 1.13. Acoustofluidic devices for drug delivery targeting to tissues. (a) 

Overcome SC layer for skin tissue transdermal drug delivery.95 (b) Overcome BBB for 

brain tissue CNS drug delivery.64 
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1.5 Objectives and Thesis Outline 

This PhD thesis describes my contribution to acoustofluidic devices manipulation for 

biomedical application in cell level and tissue level. The key contributions are: (1) 

Developed an acoustofluidic device named MARC (multi-view acoustofluidic rotation 

cytometry) for cell-level manipulation. MARC enhances cellular morphology analysis 

through comprehensive, multi-angle observations, and amplifies subtle cytological 

differences for enhanced cell phenotyping across various cell types and between 

cancerous and normal cells. (2) Developed another acoustofluidic device named 

ADAP (acoustic droplets activated permeation) for tissue-level 

manipulation/perturbation. ADAP achieves substantial improvements in transdermal 

drug delivery efficiency in ex-vivo tests, increasing delivery by approximately 31- to 

82-fold compared with passive diffusion, and a 5-minute in-vivo ADAP treatment fully 

restores blood glucose levels in hypoglycaemic mouse models without observable skin 

damage. 

The thesis comprises five chapters, summarised as follows: 

Chapter 1: Introduces the importance of manipulation and its applications in 

biomedicine. Compares five mainstream manipulation technologies used in 

biomedical studies and highlights the advantages of acoustic methods. Presents 

representative biomedical applications enabled by acoustofluidic devices for cell-level 

and tissue-level manipulation. 

Chapter 2: Provides fundamental background in acoustofluidics, including a brief 

history of sound, how sound waves work and wave types, and the relevant theories 

and working mechanisms for acoustic manipulation. Finally, outlines the two 

mainstream types of acoustofluidic devices.  

Chapter 3: Describes the motivation for developing the MARC device, including its 

design and optimisation, fabrication and implementation, and parameter tuning to 

achieve controllable, high-throughput cell rotation. Evaluates its capability and 

performance in cytopathological detection compared with traditional 2D detection. 

Much of the text in this chapter is reproduced and/or adapted from our article published 

in Advanced Science.101 
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Chapter 4: Presents the motivation for building the ADAP device, its design, 

optimisation, and development; and the testing and characterisation of ADAP-induced 

perturbation. Reports ex-vivo permeation evaluation using drugs with various 

molecular weight and in-vivo therapy validation using the hypoglycemia mouse model. 

This project has been summarised in a research article currently under peer review. 

Chapter 5: Summarises the two research works and outlines future directions for 

advancing these studies and developing improved acoustofluidic manipulation 

technologies. 
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Chapter 2: Acoustofluidic 

2.1 Basic of Acoustofluidic 

Acoustofluidic has an ancient history. In the Chinese Han dynasty (202 BC-AD 9), the 

Chinese Spouting Bowl was used as a tool to foster happiness, prolong life, and 

increase strength. As shown in Fig. 2.1, by rubbing the bowl’s handles, vibrations are 

excited that couple to the liquid and drive continuous fountain-like jets.102 This offers 

a vivid early example of acoustofluidics. As the term suggests, acoustofluidics uses 

acoustic waves to interact with fluids in a contact-free and biocompatible manner.103 

In recent decades, acoustofluidic devices have been increasingly adopted in 

biomedical research, enabling manipulation from nanoscale extracellular vesicles to 

millimetre-scale tissue-engineering constructs.73 To fully understand the principles of 

acoustofluidics, it is first essential to establish a solid grasp of the basic concepts of 

waves. 

 

Figure 2.1. Chinese Spouting Bowl and its working phenomena illustration. 

[source from https://www.prc68.com/I/Images/ChineseSpoutingBowlXXb.jpg] 

2.1.1 Sound Waves 

Sound (or sound wave) is an alteration in pressure, stress, particle displacement, or 

particle velocity that propagates through an elastic medium, or the superposition of 

such propagated alterations.104  

All sound is generated by the motion of a source. For example, consider a piston (as 

in a loudspeaker) moving into an air volume. Its motion produces a local region where 
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density and pressure are slightly higher than their ambient values. If the piston 

displacement is extremely small, the molecular motion can be accommodated without 

effectively transferring energy between molecules, and no appreciable sound is 

produced. Likewise, if the source moves very slowly, the air flows gently around it, 

continuously equalizing pressure, and again no sound is created. However, if the 

piston’s motion is sufficiently large and fast that there is not enough time for 

compensating flow, nearby molecules are forced together, locally compressing the air 

and creating a region of higher pressure and density. The compressed molecules then 

rush away from the high-pressure region, transferring momentum to adjacent 

molecules. When the piston moves back and forth, a wave is propagated by small 

oscillatory (out-and-back) motions of successive fluid elements along the direction of 

travel. Energy is conveyed through alternating regions of compression and rarefaction 

(the low-pressure/low-density “expansion” phase of a longitudinal sound wave, 

opposite to compression), accompanied by corresponding changes in particle velocity. 

The material properties of mass and elasticity enable this propagation, allowing the 

wave to travel through the surrounding medium and be detected by the ear or by a 

microphone. 

As a wave propagates through a medium, particles oscillate back and forth as the 

wave passes. Regardless of the combination of wave motion and propagation medium, 

there is always a series of general equations that describe sound wave propagation 

through the medium, which can be expressed as:105 

𝑦(𝑥, 𝑡) = 𝐴𝑠𝑖𝑛(𝑘𝑥 ± 𝜔𝑡 ± 𝜑) (2.1) 

𝑘 =
2𝜋

𝜆
=

𝜔

𝑐
(2.2) 

𝜆 =
𝑐

𝑓
(2.3) 

𝑓 =
1

𝑇
=

𝜔

2𝜋
(2.4) 

where 𝐴, 𝑘, 𝑥 , 𝜔, 𝑡, 𝜑 , 𝜆 , 𝑐 , 𝑓 and 𝑇 represent wave amplitude (Pa), wavenumber 

(rad/m), position (m), angular frequency (rad/s), time (s), phase (radians), wavelength 

(m), speed of sound propagation (m/s), frequency (Hz) and period (s). As shown in 

Fig. 2.2, the wave propagates from left to right. At the time t1, the wave travels one full 
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wave cycles (𝜆), which are set by the speed of sound and the actuation frequency. 

Adding a positive phase shift of 𝜋 (𝜑 = 𝜋) is equivalent to shifting the spatial waveform 

by 
ఒ

ଶ
 (i.e., peaks and troughs swap). When at the time t2, the wave moves two times 

distance than the time t1. For clarity, Fig. 2.2 shows only a short segment of the 

sinusoidal waveform; a single-frequency component continues beyond the plotted 

region. 

 

Figure 2.2. Plot for sound wave in the spatial domain at time t1, t1 with phase 

shift of 𝝅,  and at different time intervals t2. Only a short segment of the continuous 

sinusoid is shown for clarity (dashed curves indicate continuation beyond the plotted 

window). 

2.1.2 Superposition 

Sound can be a single pure tone, but more commonly it is a combination of many 

tones. Even the simplest telephone dial tone is the sum of two single-frequency 

components (350 and 440 Hz), and the acoustic environments in our daily life are far 

more complex and involve multiple wave combinations. When several waves occur 

simultaneously, the total pressure or displacement amplitude is the sum of their values 

at any one time. This behaviour is referred to as a linear superposition of waves and 

is most useful because complex periodic waveforms can be constructed by adding 

contributions from many sine and cosine functions. Consider two identical waves 

traveling in opposite directions (Fig. 2.3). At time t1 the waves propagate toward one 
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another. When both waves have a phase difference by 𝜋 are superposed at time t2, 

the peak of one coincides with the trough of the other and their superposition produces 

cancellation. In contrast, if at time t3 the two waves have zero phase difference, peaks 

align with peaks and troughs with troughs, yielding a standing wave with double the 

amplitude. For clarity, Fig. 2.3 shows only a short segment of the sinusoidal waveform; 

a single-frequency component continues beyond the plotted region. 

 

Figure 2.3. Plot illustration of two counterpropagating identical traveling wave 

at different intersection conditions forming cancellation and standing wave. 

Only a short segment of the continuous sinusoid is shown for clarity (dashed curves 

indicate continuation beyond the plotted window). 

2.1.3 Wave Types  

Based on how a wave vibrates and propagates through the host medium, it can be 

categorized into two groups: body waves and surface waves.  
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Body waves propagate through the entire host medium. In acoustofluidics, they are 

commonly referred to as bulk acoustic waves (BAWs).106  Based on the direction of 

propagation relative to the host-medium oscillation, BAWs are classified as 

longitudinal or transverse. As shown in Fig. 2.4a, the medium is initially undeformed. 

When a longitudinal wave propagates along the 𝑥-axis (Fig. 2.4b), it travels parallel to 

the medium’s oscillation direction and results in compression and expansion of the 

medium’s lattice. By contrast, when a transverse wave propagates along the 𝑥-axis, it 

propagates perpendicularly to medium oscillation direction. Depending on the host-

medium oscillation direction, transverse waves can be horizontal (along 𝑦-axis, Fig. 

2.4c) or vertical (along 𝑧-axis, Fig. 2.4d). 

 

Figure 2.4. Several types of bulk wave illustrations. (a) The original host medium 

with no deformation. (b) Longitudinal wave. (c) Transverse wave in horizontal. (d) 

Transverse wave in vertical. 
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Surface waves, are waves traveling along the surface of the medium  and are usually 

referred to as surface acoustic waves (SAWs) in acoustofluidics.106 SAWs can be 

further separated into three types: Rayleigh waves, shear-horizontal waves, and Love 

waves. Rayleigh waves, first proposed by Lord Rayleigh in 1885, move with elliptical 

particle motion, producing both vertical and horizontal components in the direction of 

propagation.107 The caused medium particle motion consists of elliptical motions 

(generally retrograde elliptical) in the vertical plane (i.e., out-of-plane) and parallel to 

the direction of wave propagation (Fig. 2.5a). Shear-horizontal surface acoustic waves 

(SH-SAWs) propagate in-plane on the substrate, with shear displacements parallel to 

the substrate surface. Figure 2.5b shows the host-medium displacement when an SH-

SAW propagates along the 𝑥-axis direction, the vibration displacements are along the 

𝑦 -axis direction, parallel to the substrate. This piezoelectrically stiffened surface 

transverse wave exists due to the piezoelectric coupling effect.108 Love waves occur 

in an SH-SAW device whose surface is covered with a thin wave-guide layer (typically 

of micron or sub-micron thickness), such as SiO2, ZnO or polymers (Fig. 2.5c). The 

acoustic velocity in the wave-guide layer is much lower than in the substrate; therefore, 

the generated Love waves are largely trapped within this thin layer, leading to high 

sensitivity.109, 110 
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Figure 2.5. Several types of surface acoustic wave illustration. (a) Rayleigh wave. 

(b) Shear horizontal wave.(c) Love wave. 

Another type of sound waves that is difficult to classify strictly as BAWs or SAWs are 

Lamb waves. These waves are generated when the substrate thickness is smaller 

than or comparable to the wavelength.111 Typically, Lamb waves propagate in thin film 

piezoelectric on a membrane structure have two propagating modes: asymmetrical 

and symmetrical.112 As shown in Fig. 2.6,  both type Lamb waves travel along the 

whole plate structure (i.e., along both top and bottom surfaces), resulting in two free 

surfaces as guiding boundaries instead of just one. In the asymmetric mode, at higher-

order frequencies or when the substrate thickness is larger than the wavelength the 

medium particle move similar to Rayleigh wave (Fig. 2.6a). While in the symmetric 

mode, the medium particles oscillate look like a bulk transverse vertical wave (Fig. 

2.6b). 
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Figure 2.6. Two types of Lamb wave illustrations. (a) Lamb wave in asymmetrical 

mode. (b) Lamb wave in symmetrical mode. Unlike the bulk transverse wave in Fig. 

2.4d, Lamb waves are guided plate waves whose displacement field is distributed 

through the thickness and constrained by the two free surfaces; 

“symmetric/asymmetric” refers to whether the displacement profile is symmetric or 

antisymmetric about the plate mid-plane (not simply “vertical” or “horizontal” motion).  

2.2 Piezoelectricity and Piezoelectric Materials 

Acoustic waves can be generated by piezoelectric materials, which rely on 

piezoelectricity to convert energy from an oscillating electric field into mechanical 

vibration. The first discovery of piezoelectricity was made by the young brothers 

Jacques and Pierre Curie, who found that compression or decompression of 

asymmetric crystals along their hemihedral axes produces electric polarization with 

opposite sign, and they announced the piezoelectric effect to the French Academy of 

Science on August 2, 1880.113 Specifically, deformation of a piezoelectric material 

induces an asymmetric shift of charges, resulting in electric polarization and 

consequent electricity generation. This phenomenon is known as the direct 

piezoelectric effect. Conversely, piezoelectric materials can undergo strain in 

response to the application of an electric field; this mechanism is called the reverse 

piezoelectric effect.114 

While, Piezoelectricity exists in piezoelectric materials, which are broadly classified 

into two groups: natural and man-made. Natural piezoelectric materials include quartz 

(SiO2), topaz, tourmaline-group minerals, Rochelle salt, and some natural organic 

materials such as silk, wood, rubber, dentin, bone, hair, and enamel. Man-made 
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piezoelectric materials are typically grouped into ceramics (Lead zirconate titanate- 

PZT, Lithium niobate-LiNbO3, and Zinc oxide-ZnO etc.), polymers (Nylon 11, Poly 

vinylidene difluoride: PVDF, and Polylactic acid: PLA etc.), and composite-based 

materials (PVDF-PZT, PVDF-ZnO, etc.). All piezoelectric materials have their 

advantages and disadvantages. For example, natural crystal–based materials have a 

high mechanical quality factor but are expensive and difficult to process. Ceramic-

based materials exhibit higher piezoelectric constants, but their brittleness limits 

usability. Polymer-based materials offer higher flexibility, but their piezoelectric 

constants are lower than those of ceramics. Composite-based materials can be 

suitable because they combine the synergistic effects of polymer matrices and 

piezoelectric fillers; however, inconsistent polarization directions can lead to 

neutralization effects.115  

In acoustofluidics, selecting a piezoelectric material generally depends on three 

properties: the effective electromechanical coupling coefficient (𝑘௘௙௙), the speed of 

sound in the substrate (𝑐௦), and the overall crystal structure. The coupling coefficient 

quantifies the efficiency of converting electrical energy into mechanical deformation, 

while the speed of sound aids in designing actuators with the desired wavelength or 

operating frequency. The overall crystal structure refers to both the crystal unit cell 

and the crystallographic orientation. 

2.3 Theory and Mechanism 

Fluid dynamics enables the study of the behaviour of fluids under the influence of 

external forces such as acoustic forces. This section delves into the fundamental 

equations of fluid dynamics and explores the forces specific to Acoustofluidics. 

2.3.1 Acoustofluidic Theories 

The fundamental equations governing fluid dynamics are the continuity and Navier–

Stokes equations, which describe how a fluid’s velocity and pressure change in 

response to external forces and internal properties.116, 117 In acoustofluidics, the 

primary governing equation is the continuity equation: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝝊) = 0 (2.5) 

Where 𝜌,𝜈 and 𝑡 are the fluid mass density, fluid velocity, and time. In basic terms, it 

means that the mass is conserved, and the change in density is due to fluid flow. The 
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second governing equation, the Navier–Stokes equation, describes the motion of 

fluids and is derived from the conservation of momentum and the momentum density:  

𝜌 ൬
𝜕𝝂

𝜕𝑡
+ (𝝂 ∙ ∇)𝝂൰ = −∇𝑝 + 𝜇∇ଶ𝝂 + ቀ𝜇௕ +

𝜇

3
ቁ ∇(∇ ∙ 𝝂) (2.6) 

Where 𝑝,  𝜇, and 𝜇௕ are the fluid pressure, dynamic shear viscosity of the fluid, and 

the bulk or dilatational viscosity. In short, the Navier–Stokes equation describes how 

the fluid velocity changes over time and space due to pressure gradients, viscous 

forces, and external forces. The left-hand side represents changes in the fluid’s 

velocity (inertial terms), while the right-hand side accounts for pressure, viscosity, and 

other forces that affect the motion. For incompressible fluids, the characteristic flow 

velocities are much smaller than the speed of sound, so the fluid can be treated as 

incompressible. This yields ∇ ∙ 𝝂 = 0, which allows significant simplifications. 

In microfluidic systems that incorporate acoustic waves, the dimensionless Reynolds 

number (𝑅௘) is used to characterize the fluid flow by measuring the ratio of inertial to 

viscous forces. When viscous forces dominate, the flow is laminar; when inertial forces 

dominate, the flow is turbulent. The value of 𝑅௘ depends on the flow velocity and the 

fluid–mechanical length scale, and is defined as:117 

𝑅௘ =
𝜌𝝂𝐿

𝜂
(2.7) 

Where 𝐿 and 𝜂 are the characteristic length scale and the dynamic viscosity of the fluid. 

If 𝑅௘ ≫ 1 , the convective acceleration is indeed necessary and the flow will be 

nonlinear as a consequence. If 𝑅௘ ≪ 1, the wave propagates linearly, either because 

its amplitude is small (infinitesimal) or because dissipation within the fluid is sufficiently 

strong to attenuate the wave before nonlinear compressibility effects cause it to 

“overturn” and form a shock. In acoustofuidics, for small flow velocities, the 𝑅௘ ≪ 1, so 

the non-linear term is expected to be negligible.  

However, the governing equations above are quite complex to solve. In acoustofluidics, 

perturbation theory is therefore used to obtain approximate solutions for pressure, 

density, and velocity fluctuations. The governing equations for acoustic waves in fluids 

can be derived from first- and second-order perturbation theory:118 

𝑝 = 𝑝଴ + 𝑝ଵ + 𝑝ଶ (2.8) 
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𝜌 = 𝜌଴ + 𝜌ଵ + 𝜌ଶ (2.9) 

𝝂 = 𝝂଴ + 𝝂ଵ + 𝝂ଶ (2.10) 

𝑝ଵ = 𝑐଴
ଶ𝜌ଵ (2.11) 

Where subscript 0, 1, 2, and 𝑐଴ denote the ambient environment (i.e., a quiescent 

liquid with no sound presence), the first-order correction, the second-order correction, 

and the speed of sound in the fluid. Under ambient conditions the liquid is still, so 𝝂଴ =

0. By introducing these perturbation expansions, the continuity and Navier–Stokes 

equations can be solved order by order for the acoustic field components. The first-

order perturbation solution describes the oscillatory acoustic wave motions, with 𝒗ଵ 

representing the acoustic velocity and 𝑝ଵ  indicating the acoustic pressure field. 

Employing these first-order solutions into second-order equations and time-averaging 

them yields the solution for acoustic streaming, which encompasses both harmonic 

and steady components. The time-averaged second-order velocity (𝒗ଶ) corresponds 

to acoustic streaming, induced by the transfer of energy and momentum from the 

acoustic waves to the fluid. The time-averaged second-order pressure (𝑝ଶ) causes the 

generation of the acoustic radiation force.119  

Based on the above, two main forces act on microparticles in acoustofluidics: the 

acoustic radiation force and acoustic streaming.  

2.3.2 Acoustic Radiation Force  

In principle, nonlinear sound propagation in a fluid generates a time-averaged acoustic 

pressure gradient, which gives rise to the acoustic radiation force (ARF) acting on 

particles.120 There are two types of ARFs: the primary acoustic radiation force and the 

secondary acoustic radiation force. The primary acoustic radiation force is the force 

exerted on an individual particle by direct irradiation from the acoustic field. In contrast, 

the secondary acoustic radiation force arises from acoustic interactions between 

particles within the fluid.121  

The acoustic radiation force and its effect on particles also depends on whether the 

waves are travelling or standing. King derived the acoustic radiation force acting in a 

traveling wave (𝑭்ି௥௔ௗ) as written:122 
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𝑭்ି௥௔ௗ = 2𝜋𝜌ఐ|𝐴|ଶ൫𝜅𝑅௣൯
଺ 9 + 2൫1 − 𝜆௣൯

ଶ

9൫2 + 𝜆௣൯
ଶ

(2.12) 

𝜆௣ =
𝜌ఐ

𝜌௣

(2.13) 

Where 𝐴, 𝜅, 𝑅௣, 𝜆௣, 𝜌ఐ, and 𝜌௣ represent the complex amplitude of velocity potential, 

the wavenumber of acoustic radiation, the particle radius, the density of the liquid, and 

the density of the particle, respectively.  

However, in a standing-wave field, the situation is different, and the ARF is given by:123 

𝑭ௌି௥௔ௗ = − ቆ
𝜋𝑝଴

ଶ𝑉௣𝛽௟

2𝜆
ቇ 𝜑(𝛽, 𝜌)𝑠𝑖𝑛(2𝜅𝑥) (2.14) 

  

𝜑(𝛽, 𝜌) =
ହఘ೛ିଶఘ೗

ଶఘ೛ାఘ೗
−

ఉ೛

ఉ೗
(2.15) 

Where 𝑝଴, 𝑉௣, 𝑥, 𝜑, 𝛽௣, and 𝛽௟ represent the acoustic pressure amplitude, the particle 

volume, the axial distance of the particle from the pressure nodes, the acoustic 

contrast factor, the compressibility of the particle, and the compressibility of the fluid, 

respectively. The force 𝑭ௌି௥௔ௗ drives a particle toward either the pressure nodes (PNs) 

or the pressure antinodes (ANs), as determined by the particle’s acoustic contrast 

factor (𝜑). When particle has a positive acoustic contrast factor (𝜑 > 0), particle moves 

toward the PNs; when particle has a negative acoustic contrast factor (𝜑 < 0), it moves 

toward the ANs.   

2.3.3 Acoustic Streaming 

Acoustic streaming is another commonly utilized nonlinear acoustic effect for particle 

manipulation in acoustofluidics that converts acoustic energy into fluid flow.124 Indeed, 

acoustic streaming is a steady fluid flow formed by viscous attenuation of an acoustic 

wave.125  The microparticles in acoustic streaming are subjected to the resistance 

force of the fluid, which is called the Stokes drag force.126 For a sphere of radius 𝑅௣ in 

a low Reynold's number flow with medium viscosity 𝜂, the Stokes drag force (𝑭ௗ௥௔௚) 

is:127 

𝑭ௗ௥௔௚ = 6𝜋𝜂𝑅௣൫𝝂 − 𝝂𝒑൯ (2.16) 
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Where 𝝂, and 𝝂𝒑 are the surrounding fluid flow velocity and the particle velocity, so 

൫𝝂 − 𝝂𝒑൯ represents the relative velocity between fluid and particle. 

Streaming flows vary greatly depending on the mechanism behind the attenuation of 

the acoustic wave. The variations include the velocity of the flow, the length scale of 

the flow and the geometry of the flow.128 Usually, there are three main types of acoustic 

streaming phenomena: Eckart streaming, Schlichting streaming, and Rayleigh 

streaming, which can also be grouped as bulk-driven and boundary-driven 

streaming.128, 129 Boundary-driven acoustic streaming arises from viscous dissipation 

of acoustic energy within the boundary layer along any solid structures (e.g., channel 

walls, micropillars, or sharp edges) whose lengths are comparable to or greater than 

one quarter of the acoustic wavelength in the direction of propagation. Near solid 

surfaces, the no-slip condition keeps the fluid at the boundary nearly stationary, 

creating a very thin viscous Stokes layer with steep velocity gradients. This localized 

effect generates small inner vortices known as Schlichting streaming, which in turn 

drive larger secondary flows away from the boundary, producing the counter-rotating 

outer vortex pairs characteristic of Rayleigh streaming (Fig. 2.7a). Put simply, 

Schlichting streaming occurs in the viscous boundary layer near surfaces, while 

Rayleigh streaming is the bulk vortex flow that this boundary-layer forcing drives 

(especially in standing waves). In contrast, bulk-driven streaming occurs as an 

acoustic wave travels through a fluid and its energy is gradually absorbed; the 

associated net momentum transfer produces a jet-like flow along the direction of 

propagation, known as Eckart streaming (or quartz wind). While boundary-layer 

streaming is governed primarily by fluid–solid interactions and tends to dominate in 

the smaller, confined dimensions of microfluidic devices, with whose length dimension 

is smaller than the wavelength (𝐿 < 𝜆). Eckart streaming becomes more significant in 

larger channels where the system dimension greatly exceeds the acoustic wavelength 

(𝐿 > 𝜆). In microfluidic devices, the small dimensions often mean that boundary-driven 

(Schlichting and Rayleigh) streaming dominates, whereas Eckart streaming becomes 

important in larger or specially designed channels.130 

Microparticles in acoustofluidic channels are exposed to the acoustic radiation force 

and the acoustic streaming simultaneously. While the radiation force acting on a 

particle depends on its volume, the streaming moves the micro-object through the flow 
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previously developed inside the chamber that depends on the particle size. 

Consequently, the size of the manipulated bio-particle is crucial in acoustofluidics. 

When the acoustic radiation force and the Stokes drag force balance, the particle 

remains stationary, and the critical particle diameter (2𝑅௖) is:119 

2𝑅௖ = ඨ12
𝜓

𝜑
(2.17) 

Where 𝜓 is a geometry-dependent factor of order unity. As shown in Fig. 2.7b, for 

small particle (𝑅 < 𝑅௖), the acoustic streaming induced Stoke drag force dominates 

(𝑭௥௔ௗ <  𝑭ௗ௥௔௚ ) so particles follow along vortex streamlines. In contrast, for larger 

particles (𝑅 > 𝑅௖), the acoustic radiation force dominates (𝑭௥௔ௗ >  𝑭ௗ௥௔௚), pushing the 

particles toward the pressure nodes PN or antinodes AN. 

 

Figure 2.7. Acoustic streaming induced by a standing wave and particle 

movement at different sizes. (a) A standing wave induced boundary-driven 

streaming in the microchannel: inner (Schlichting) streaming and outer (Rayleigh) 
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streaming. (b) The impact of microparticle size for particle movement under 

experienced 𝑭௥௔ௗ and 𝑭ௗ௥௔௚. 

2.4 Acoustofluidic Devices 

In acoustofluidics, an acoustofluidic device generates acoustic waves to manipulate 

particles and fluids in an adjacent chamber for various applications. The core 

component of the device is the piezoelectric transducer, usually made of piezoelectric 

materials, which can convert electrical signals to acoustic signals or vice versa (as 

detailed in Section 2.2). The driving electrical signal for the transducer is produced by 

a function generator and can be amplified with a power amplifier when greater acoustic 

pressures are required. Depending on acoustic wave generation and propagation 

characteristics, the transducer is usually categorized as a BAW transducer or a SAW 

transducer. Therefore, the corresponding devices are named BAW-based 

acoustofluidic devices and SAW-based acoustofluidic devices.103 

2.4.1 BAW-based  Acoustofluidic Devices 

In BAW-based acoustofluidic devices, the bulk acoustic transducer is the core 

component, often made of lead zirconate titanate (PZT) polarized ceramic plates 

sandwiched by metal electrodes. The polarization and electric field are typically along 

the thickness direction or the radial direction, enabling thickness-mode or radial-mode 

vibrations at discrete resonances in the transducer.  

The fluidic chamber is also important, as its walls reflect or absorb incident acoustic 

waves. Standing waves are commonly used in BAW acoustofluidics and can be 

formed as the result of acoustic waves reflected from the chamber wall. The acoustic 

properties (speed of sound, density, and acoustic impedance) and the chamber 

geometry influence the acoustic field pattern.131, 132 Both acoustically hard materials 

(glass and silicon, whose acoustic impedance is high relative to water) and 

acoustically soft materials (polydimethylsiloxane, PDMS, and polymethyl methacrylate, 

PMMA, whose acoustic impedance is close to water) have been used to fabricate 

acoustofluidic chambers through microfabrication techniques. When the chamber is 

formed from hard materials, acoustic energy is reflected within the microchannel, 

leading to enhanced acoustic energy density for improved manipulation efficiency. By 

contrast, using soft materials leads to acoustic energy leakage or absorption, causing 

a loss of acoustic energy within the microchannel.133 Nevertheless, soft polymers are 
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often deliberately chosen when strong wall reflections and high-Q (quality factor) cavity 

resonances are undesirable, their relatively low impedance mismatch to water and 

higher damping can reduce unwanted reflections/standing waves and suppress 

spurious wavemodes.134, 135 In addition, PDMS is widely used in lab-on-a-chip systems 

because it is optically transparent, chemically inert/biocompatible, low-cost, and easy 

to fabricate and bond/seal.136 The trade-off is increased attenuation/leakage (often 

requiring higher drive power and potentially increasing heating) and, due to 

mechanical compliance, greater susceptibility to deformation or resonance drift, which 

can reduce repeatability. 

Based on the PZT transducer, BAW-based acoustofluidic devices can be categorized 

into three groups: single BAW transducer, hologram BAW transducer, and BAW 

transducer arrays (Fig. 2.8). The single BAW transducer device usually consists of a 

single PZT attached to a substrate with a microchannel, as shown in Fig. 2.8a. 

Although this type design is simple, it has been widely used in various applications, 

including droplet generation,137, 138 bioparticle focusing,139 and particle manipulation.88, 

140 To realize more complex particle manipulation, an effective and economical way to 

shape the field is to add acoustic artificial-structure holograms on the surface of the 

transducer, forming a hologram BAW transducer (Fig. 2.8b). These artificial structures 

can modify the output of a single transducer to generate a high-fidelity acoustic field 

as desired, providing unique features such as sub-wavelength-scale amplitude control 

and complex beam patterns. The shaped fields can then realize desired particle 

patterns and manipulation in 2D and 3D.141, 142 Another group, BAW transducer arrays, 

has also been used to selectively manipulate particles (Fig. 2.8c). The elements in 

these arrays are individually driven to create arbitrary and dynamically tuneable 

wavefronts via superposition, enabling single-particle 3D manipulation and individual 

manipulation of up to 25 microparticles simultaneously.143, 144 
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Figure 2.8. BAW-based transducers in acoustofluidics. (a) Single PZT 

transducer.86 (b) Holographic BAW transducer.82 (c) BAW phase transducers array.144 

2.4.2 SAW-based Acoustofluidic Devices 

In SAW-based acoustofluidic devices, interdigital electrodes—commonly called 

interdigital transducers (IDTs)—patterned on a piezoelectric substrate are the key 

components. An IDT consists of metallic fingers connected to a common electrode 

(bus bar) and interdigitated with a second set of metallic fingers attached to a second 

bus bar, all deposited directly onto the piezoelectric layer by standard lithographic 

techniques. The IDT structure determines the frequency, bandwidth, and directivity of 

the generated SAW. By varying the number, spacing, and aperture (overlapping length) 

of the metallic fingers, the generated SAW can be tuned (Fig. 2.9a). For most SAW 

devices, the piezoelectric substrate is often a 128º 𝑌-cut lithium niobate (128°-𝑌-

rotated, 𝑋-propagating LiNbO3) wafer with a thickness of 500 µm.103 

The geometry and acoustic properties of the microchamber, as well as the acoustic 

properties of the liquid (density, speed of sound, and viscosity) loaded on the substrate 

surface, all significantly influence the SAW behavior. If the fluid layer on the substrate 

is thinner than the viscous boundary layer, no sound propagates into the fluid and the 

fluid follows the propagation of the SAW. If the fluid layer is thicker than this depth but 

smaller than the wavelength of sound in the fluid at the operating frequency, sound 

enters the fluid to produce a 2D planar sound field. When the chamber height exceeds 

the wavelength of sound in the fluid, the SAW produces a longitudinal sound wave 

that propagates into the bulk from the substrate–fluid interface at the Rayleigh angle, 
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forming a leaky SAW and inducing fluid streaming (Fig. 2.9b). The Rayleigh angle is 

given by:145 

𝜃ோ = sinିଵ
𝑐ఐ

𝑐௦

(2.18) 

Where 𝑐ఐ and 𝑐௦ are the speed of sound in the fluid liquid and speed of  sound in the 

substrate. For 128º 𝑌 -cut LiNbO3,  𝑐ఐ ≈ 1490 𝑚/𝑠  and 𝑐௦ ≈ 3900 𝑚/𝑠 , yielding a 

Rayleigh angle of ≈ 22°.146 

 

Figure 2.9. IDTs induced SAW generations and Leaky SAW. (a) IDT structure and 

generate SAW.146 (b) Leaky SAW generation.146 

Similar to BAW-based devices, SAW-based acoustofluidic devices can also be divided 

into three groups by considering the IDT transducer: single SAW transducer, hologram 

SAW transducer, and SAW transducer arrays (Fig. 2.10). In single SAW transducer 

devices, a single IDT generates a travelling SAW on the LiNbO₃ substrate, impacting 

the bonded microchannel or a liquid droplet at the substrate surface (Fig. 2.10a). This 

type of device has been widely used in cell sorting,147, 148 nebulization,149, 150 and 

droplet manipulation.151, 152 Recently, more complex SAW fields have been achieved 

by altering the IDT shape to form so-called hologram SAW acoustofluidic devices.153, 

154 As shown in Fig. 2.10b, a focused acoustic vortex is synthesized by spiralling 

metallic electrodes deposited on the surface of a piezoelectric substrate. The IDT 

encodes the phase of the field, similar to a hologram, enabling generation of the 

targeted acoustic vortex.155 Standing SAWs are also commonly used in acoustofluidics. 

Similar to BAW acoustofluidics, a pair of opposing IDTs—or an IDT with an opposing 

reflector—can form 1D standing SAWs in the substrate, whereas two pairs of IDTs 

arranged orthogonally can produce 2D standing SAWs. By fabricating pairs of IDTs 
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from multiple directions, SAW transducer array devices are formed. By activating pairs 

of IDTs from different directions, SAWs with various wavefields can be shaped for 

multifunctional bioparticle manipulation (Fig. 2.10c).156  

 

Figure 2.10. SAW-based transducers in acoustofluidics. (a) Single IDT 

transducer.157 (b) Hologram IDT transducer.155 (c) IDT transducer arrays.156 
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Chapter 3: Manipulation at the Cell Level for Pre-

Cytopathological Screening  

Cell-level manipulation is essential in clinical cytopathology, enabling detailed 

morphological analyses critical for disease diagnosis. In this chapter, we focus 

specifically on rotational manipulation and analysis of six cell lines, including 

cancerous and healthy cells. The distinct morphological and cytological characteristics 

of these cell lines make them suitable models for demonstrating the potential of 

advanced manipulation technologies in Recognizing the challenges and limitations 

posed by current cell-rotation and morphological-analysis methods—particularly 

regarding throughput, biocompatibility, and morphological clarity—we introduce the 

Multi-view Acoustofluidic Rotation Cytometry (MARC) device. This chapter outlines 

the design, optimization, experimental validation, and evaluation of MARC, 

demonstrating its unique ability to provide high-throughput, controllable, and detailed 

multi-angle cellular morphology analysis, thereby significantly enhancing the accuracy 

and efficiency of pre-cytopathological screening. 

The corresponding content in this chapter has been published in Advanced Science:101 

 X. Zhang, P. Dumčius, R. Mikhaylov, et al. Surface Acoustic Wave-Enhanced 

Multi-View Acoustofluidic Rotation Cytometry (MARC) for Pre-Cytopathological 

Screening. Advanced Science, 2024, 11, 2403574. 

Author Contribution: 

I (Xiaoyan Zhang) led the device concept and application framing, designed and 

fabricated the MARC device, performed the experiments, and carried out data 

processing and quantitative analysis. I drafted the original manuscript and coordinated 

revisions with co-authors. The numerical modelling/simulation reported in this chapter 

was performed by a co-author (Povilas Dumčius) and is included here to support the 

design interpretation and experimental findings rather than as my original modelling 

contribution. 
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3.1 Introduction 

3.1.1 Background 

Cell rotation is one of the most important techniques for cell manipulation in modern 

bioscience, as it not only permits cell observation from any arbitrary angle, but also 

simplifies the procedures for analyzing the mechanical properties of cells, 

characterizing cell physiology, and performing microsurgery.84 Cell rotation typically 

refers to its rotational movement, often observed in organisms during their early 

development or in the context of cell migration and tissue morphogenesis.158, 159, 160 

Cell rotation under external forces provides opportunities to actively manipulate cells, 

which facilitates 3D cell imaging and allows observation from a designated angle. The 

rotational motion exhibited by cells under specific conditions, such as acoustic rotation, 

can serve as a label-free parameter for distinguishing different cell types and offering 

additional information about 3D cell morphology. For example, nuclear and 

cytoplasmic information including mitotic division have been better imaged for 

improving classification of suspended MCF-7 cells through multi-angle cell images.161 

A high-resolution 3D reconstruction of fluorescently labeled pollen grains was enabled 

by acoustic rotation to demonstrate and analyze their heterogeneous surface 

morphologies.85 Refining the techniques that manipulate the rotational dynamics of 

cells can offer invaluable insights, expediting the analysis and differentiation of 

heterogeneous cells according to their rotational characteristics.  

Acoustofluidic technology, which utilizes either surface acoustic waves (SAWs) or bulk 

acoustic waves (BAWs), has been increasingly applied in cell rotation applications. 

BAWs enabled rotation always rely on micro-bubbles (with bubble size typically 

chosen to be comparable to the device dimensions and the target object, often on the 

order of ~10–70 µm),85, 86 micro-structures, and standing-wave superposition. 

Previously microbubble-based acoustic cell rotation technique has been developed for 

analyzing reproductive system pathologies and nervous system morphology in 

Caenorhabditis elegans.86 A mode-switchable acoustofluidic device has achieved 

stable transportation, trapping, 3D rotation, and circular revolution of micro-objects.140 

Microbubble-based acoustofluidics commonly involves initiating microbubbles in the 

device before manipulation. Acoustofluidic techniques were also employed with 

oscillating microstructures to precisely rotate cells using acoustic microstreaming.89, 90 

BAW rotation can also be achieved via standing-wave superposition, in which two (or 
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more) orthogonal ultrasound modes are combined to create a time-varying pressure 

field (i.e., a rotating or re-orienting potential well) that generates an acoustic radiation 

torque and drives controlled rotation without microbubbles and without oscillating 

microstructures.91, 92 For example, Schwarz et al. demonstrated contactless rotation 

of non-spherical microparticles by amplitude modulation of two orthogonal ultrasonic 

modes, enabling continuous rotation and the ability to stop at arbitrary angular 

positions.92 SAWs travel along the surface of a substrate, creating nanoscale 

mechanical vibrations on the surface while experiencing minimal acoustic energy loss 

within a depth of one or two wavelengths below the surface.103 Compared to BAWs, 

SAWs offer better manipulation resolution due to their higher operating frequency up 

to GHz ranges, and the SAW wavelengths are often comparable to or smaller than the 

size of typical cells, allowing for more precise control.162, 163 Recently, SAWs-based 

techniques have been used for high-speed direct rotation of zebrafish larvae and C. 

elegans, facilitating multispectral imaging of these model organisms and their internal 

structures.93, 94 However, although many of these acoustofluidic techniques can rotate 

a single trapped object in situ, they generally do not support parallel manipulation of 

many individual cells/particles while keeping each target separately trackable (i.e., 

individually identifiable/addressable), which results in limited throughput. Furthermore, 

when microbubbles are used, their quantity determines the number of cells captured 

and rotated. Larger cell populations necessitate longer microchannels to 

accommodate the physical size of each microbubble. Therefore, a rotation device with 

higher throughput but a smaller footprint is desired. 

Cytopathology, an important branch of pathology, offers diagnostic information for 

diseases at the cellular level, and is commonly used to diagnose diseases including 

cancers, inflammatory conditions, and infections.164 For example, prevention strategy 

of cervical cancer involves the collection of a small sample of cells from the cervix (by 

a smear test) for cytopathological examination to identify cells from cancer or its 

potential precursors.165 Cells exfoliated from a suspicious lesion through smears, 

scrapings, brushings, and washings, play a crucial role in disease screening. These 

cells are meticulously collected and transferred onto glass slides for microscopic 

examination, which requires highly trained pathologists. The evaluation is focused on 

searching cytomorphological abnormal features such as nuclear/cytoplasmic area, 

nuclear-to-cytoplasmic (N/C) ratio, and nuclear irregularity.166, 167 The percentage of 
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true negative pathological results (i.e., patients do not have the disease) in smears 

can vary significantly depending on multiple factors such as the type of smear, the 

population and quality of the sample, and the expertise of the pathologist. In many 

cases, the majority of smears in routine screenings for human papillomavirus (HPV) 

yield true negative results. For instance, 60% of HPV tests for women aged 20 to 24 

in the UK return negative results.168 Consequently, pre-screening methods that 

prioritise higher-risk specimens could streamline workflows and improve diagnostic 

efficiency by focusing expert review on cases most likely to require follow-up. 

3.1.2 Design Rationale and Development Process 

Informed by discussions with cytopathologists and direct observation of the clinical 

workflow from sample processing to slide review and reporting, the MARC device was 

developed to address two practical requirements for pre-cytopathological screening. 

First, routine screening includes a high proportion of true-negative cases, yet these 

still demand substantial review time from trained pathologists.168, 169 A rapid pre-

screening tool is therefore desirable to extract morphology-relevant information 

efficiently and prioritise cases that warrant further conventional examination. Second, 

key cytomorphological descriptors (e.g., nuclear shape and N/C ratio) can be 

viewpoint dependent for suspended cells; therefore, we hypothesised that acquiring 

multi-view images of the same cell at defined rotational angles could provide more 

comprehensive morphological information for cytopathologists, thereby supporting 

more reliable assessment than single-view imaging.161 This motivated the 

development of a platform for controlled, multi-angle imaging of individually trackable 

cells. 

These needs translated into specific design targets: (i) stable, controllable rotation of 

individual cells while preserving cell identity for tracking across viewing angles; (ii) 

parallel operation to increase throughput within a compact footprint; (iii) contact-free 

handling compatible with fragile bio-samples; and (iv) compatibility with standard 

microscopy and routine sample preparation. SAW-based acoustofluidics was selected 

because it enables contact-free actuation and can generate controllable pressure and 

streaming fields at cellular length scales, supporting both trapping and rotation. The 

final MARC architecture was established through iterative design–test cycles, in which 

the field configuration and chamber layout were refined to achieve two simultaneously 

addressable rows of rotating, individually trackable cells with repeatable operation. 
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Guided by these requirements, we present a device capable of performing multi-view 

acoustofluidic rotation cytometry (MARC) for pre-cytopathological screening to 

address limitations in throughput and individual target trackability in existing acoustic-

rotation approaches, and to support efficient cytopathology workflows. MARC uses a 

designed acoustofluidic field to trap and rotate two rows of cells simultaneously, 

enabling higher-throughput multi-angle imaging while keeping each cell separately 

trackable. We apply MARC to hepatocyte cell lines Huh7 (cancer) and IHH (normal) 

and show that cytopathological assessment metrics, particularly the N/C ratio, are 

strongly influenced by viewing angle. Moreover, MARC improves sensitivity in 

distinguishing cancer and healthy cells compared with conventional slide-based 

evaluation, highlighting its potential to assist pathologists in improving screening 

efficiency and conserving clinical resources. 

3.2 Results and Discussion 

3.2.1 Working Mechanism and Experimental Setup 

The MARC device was designed to actively induce cell rotation within the 

microchannel by establishing acoustic microstreaming around the cells. As shown in 

Fig. 3.1a, a pair of interdigital transducers (IDTs), powered by radio frequency (RF) 

signals, generate identical SAWs that travel in opposite directions, effectively forming 

standing SAWs (SSAWs) (Fig. 3.1b). The SSAWs exhibit a series of locations at which 

their amplitudes are zero or maximum, and these locations are pressure nodes (PNs) 

or pressure antinodes, respectively. The SAWs meet the fluid in the microchannel and 

leak their energy into the fluid exerting leaky acoustic waves. Generally any particles 

that are placed in the acoustofluidic field experience both acoustic radiation force (𝑭௥௔ௗ) 

and streaming induced drag force (𝑭ௗ௥௔௚) as already been detailed stated in chapter 

2. The ratio of two forces can be calculated: 

𝑭௥௔ௗ

𝑭ௗ௥௔௚
= ቆ

𝜋𝑃଴
ଶ𝑉௣𝛽௟𝜑(𝛽, 𝜌)𝑠𝑖𝑛(2𝜅𝑥)

12𝜆𝜋𝜂𝑅௣𝝂
ቇ (3.1) 

Properties of the particles such as their size, density, and compressibility, determine 

the above force ratio. For particles with 
𝑭ೝೌ೏

𝑭೏ೝೌ೒
 > 1, the radiation force is dominant and 

they are attracted toward the PN. Whereas when 
𝑭ೝೌ೏

𝑭೏ೝೌ೒
 < 1, the acoustic streaming is 

dominant and the particles are dragged to flow through micro-circulation. It is noted 
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that when 
𝑭ೝೌ೏

𝑭೏ೝೌ೒
 = 1, particles are at equilibrium around the PNs, where the radiation 

force on a particle is balanced against the streaming force. In the MARC SSAWs field, 

the pressure nodes define two trapping lines (rows). Because the acoustic radiation 

force scales with cell size and acoustic contrast (effective cell density/compressibility 

relative to the medium), cells are driven toward these nodes with cell-dependent 

trapping strength and migration dynamics. Near the node, the associated acoustic 

microstreaming produces a local shear flow that exerts a torque on the trapped cells, 

driving rotation.86 This rotation is beneficial for thoroughly scanning the cells to capture 

their multi-angle morphology while maintaining a constant microscope focus. The 

MARC device can simultaneously attract cells using the radiation force and rotate 

them with microstreaming vortices, without the need using various microstructures 

such as air bubbles or sharp edges. 

The MARC diagnosis process unfolds as follows (Fig. 3.1c). By loading the cell sample 

into the microchannel and then activating with the SAWs, the cells will be trapped into 

two traces and rotated in the opposite directions. The rotational motions of the cells 

cause their morphological features exposed at multiple angles of observations, 

facilitating the characterization of multiple cellular properties corresponding to cellular 

status, chemical composition, or physical features. Owing to the multi-angle images of 

the single cell during rotation, a more comprehensive cytopathological evaluation can 

be attained, potentially offering additional insights into cellular abnormalities and 

enhancing diagnostic assessment. 
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Figure 3.1. Working mechanism illustration of MARC system. (a) Illustration of the 

MARC device, which comprises two identical printed circuit board-based interdigital 

transducers (PCB-IDTs) for producing surface acoustic waves (SAWs) and a 

polydimethylsiloxane (PDMS) microchannel with an inlet and an outlet for cell loading. 

(b) SAW-induced radiation force and microstreaming are responsible for trapping and 

rotating the cells, respectively. The two PCB-IDTs generate two counter-propagating 

SAWs to form a standing SAW (SSAW) yielding two pressure nodes (PNs) within the 

microchannel, which trap the dispersed cells to form two traces. Meanwhile, streaming 

vortexes produced in the microchannel drive the trapped cells to rotate opposite the 

streaming vortexes. (c) Flow chart of the working mechanism of the MARC system. 

The setup of the MARC device is shown in Fig. 3.2. The device is driven by the 

powered RF signals, with both incident and reflected power being monitored using two 

power meters. An impedance matching network is used to mitigate the impedance 

mismatch between the printed circuit board (PCB)-based IDTs and an RF power 

amplifier.170 The technique for constructing and testing the PCB-based IDTs has been 

previously introduced for various applications.54, 57, 64, 171, 172 A syringe pump is used to 
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introduce the cell sample into the MARC device. A microscope and camera system 

capture sequential images, providing a rotational descriptor of the cells. 

 

Figure 3.2. Schematic illustration of the MARC system setup. 

3.2.2 Optimization of Acoustofluidic Rotation 

The MARC device was optimized to effectively trap the cells at the PNs for acoustic 

rotation driven by the induced streaming vortexes (Fig. 3.1b). It is crucial to establish 

a precise and symmetric streaming vortex within the microchannel to enable 

simultaneous manipulation of both traces of cells. This allows for capturing the 

morphology of multiple cells from multiple angles simultaneously. To achieve this, the 

channel dimensions and acoustofluidic parameters were first studied numerically to 

optimize the  design. The width and height of the microchannel were swept from 
ఒ

ଶ
 to 

𝜆  ( 𝜆 ≈ 200 μm), and from 
ఒ

ହ
 to 

ఒ

ଶ
 , respectively. This range was chosen to 

accommodate two symmetric PNs formed along the 𝑥-axis within the microchannel. 

Fig. 3.3a shows the simulation result of the maximum acoustic pressure in association 

with the height and width of microchannels. It is observed that a more consistent 

maximum acoustic pressure across different microchannel heights is achieved at a 

channel width of approximately 200 μm (cyan curve). This specific channel width was 
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then chosen for further numerical analysis aimed to determine the optimal channel 

height. 

The simulated acoustic pressure and fluid streaming patterns for four-channel heights, 

including 100, 80, 60, and 40 μm, are plotted in Figs. 3.3b-c, showing maximum 

acoustic pressure of 309, 349, 345, and 319 kPa, respectively. Channel heights of 100 

and 80 μm were not selected due to the presence of additional unwanted PNs near 

the top of the channel, as indicated by the black-outlined blue oval regions, which are 

likely to trap cells against the channel wall. The channel height of 40 μm was not used 

either, as the fluid streaming around the PNs exhibits identical intensities but in the 

opposite directions, which would cancel out the cell rotation. 
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Figure 3.3. Numerical simulation (COMSOL Multiphysics 6.0) of various 

microchannel dimensions and acoustic field in the cross-section of the 

microchannel. (a) The sweep of the maximum acoustic pressure against the 

dimensions of the height and width of the microchannel. (b) The acoustic pressure and 

streaming pattern for the three different channel heights with the same channel width 

of 200 μm. The PN is indicated by the blue oval, and the acoustic streaming direction 

is indicated by the black arrows. (c.Ι) The acoustic pressure and streaming pattern for 

the dimension of 60 μm (height) 200 μm (width), which indicates two PN formed within 

the microchannel. Two cell traces formation after SAW excitation shows a good 

agreement with the two PNs. (c.II) The zoom-in simulation of the half microchannel 
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dimension indicates the formation of streaming vortexes around the PN. The 

coexistence of the PN and streaming will lead to cell rotation in situ along the PN. The 

red arrows indicate the direction of regional streaming vortexes. Scale bar, 20 μm. 

The channel height of 60 µm denotes a favorable balance between the PN pattern and 

streaming dynamics, as shown in Fig. 3.3c. This configuration yields a symmetric 

distribution of PN within the MARC device, effectively trapping cells to form two distinct 

traces for microscopic imaging (Fig. 3.3c.I). The half microchannel part simulation 

result is shown in Fig. 3.3c.II, where the lateral streaming vortex displays a larger 

streaming velocity, leading to the in-situ cell rotation. While small experimental offsets 

may occur (e.g., due to fabrication tolerances or cell height variation), the observed 

two-trace trapping pattern is consistent with the simulated two-PN topology under the 

same operating condition. The generation of SSAWs was simulated under the 

condition which both IDTs were driven by the RF signals with the same phase (∆𝜑 =

0°). To further investigate the influence of phase difference, we applied various phase 

differences between the two IDTs, as shown in Fig. 3.4. When applying a 90° phase 

difference (∆𝜑 = 90°), asymmetrical acoustic patterns form within the microchannel. 

When applying a 180° phase difference (∆𝜑 = 180°), although a PN is located at the 

center of the microchannel, the streaming flows around the PN counteract each other, 

negating the possibility of in situ cell rotation. 

 

Figure 3.4. Numerical simulation of applying phase difference between the two 

IDTs at (a) 90° (∆𝝋 = 𝟗𝟎°), and (b) 180° (∆𝝋 = 𝟏𝟖𝟎°). 
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Compared with microbubble-based acoustic rotation techniques, the MARC device 

overcomes the issue of temporal instability of the microbubble within the channel173 

and does not require a pretreatment process before the sample loading. Additionally, 

cells can be accurately trapped by the two PNs located at the defined regions inside 

the microchannel, ensuring active and contactless manipulation of cells. This 

arrangement greatly enhances the convenience for multi-angle observation. 

3.2.3 High-Throughput Cell Rotation 

The acoustic rotation of the cells within the MARC device was tested using two types 

of liver cell lines, i.e., Huh7 (cancer) and IHH (normal). To test the hypothesis that 

MARC can register more cellular morphology parameters, such as the number of 

nuclei, cell area, and cell circularity, without the need for cell staining, unstained cell 

samples were introduced to the MARC device resulting in an initially even dispersion 

in the microchannel (Fig. 3.5a, left). Upon applying RF signals to the MARC device, 

the acoustofluidic field is activated, exhibiting immediate trapping of cells at the two 

PNs (Fig. 3.5a, right). The development of two traces of cells, where individual cells 

lined up end-to-end forming a continuous chain with no spaces between adjacent cells, 

significantly enhances the cell density within microfluidics. This setup positions cells 

at defined locations close to PNs, allowing efficient tracing rotating cells for high-

throughput multi-view cytopathology. 

The cells were rotated immediately after being trapped at the PNs, as illustrated in Fig. 

3.5b. Both traces of the cells were rotated stably near the PNs owing to the acoustic 

trapping effect. The microstreaming induced in opposite directions and symmetrically 

to the channel center leads to clockwise and counterclockwise cell rotations. Multi-

view images of each single cell, captured at different time stamps, offer highly 

informative morphology, revealing physical features and chemical composition at the 

single-cell level. It is worth noting that the field of view captured in the experiment 

corresponds to the highlighted region (red dotted line boxes) in the simulation given in 

Fig. 3.3c.I, where two traces of the cells rotate in opposite directions. 
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Figure 3.5. High-throughput cell rotation manipulation. (a) Cells are trapped at the 

two PNs to form two traces of cells when the SAW is ON, which soon to rotate in situ. 

The red dashed box represents the cell rotation observation field. (b) All the cells in 

the two traces are rotating driven by the surrounding acoustic streaming. Scale bars 

in (a–b) are 50 μm, 20 μm, respectively. 

Multi-view cellular morphology, accessible through rotation, may provide more 

comprehensive information to aid cytomorphology investigations. Sequential images 

of cells, taken at intervals ranged from 0.1 s to 0.15 s, are shown in Fig. 3.6, in which 

the dual nucleoli (indicated by blue arrows) are identified at 0.1, 0.2, 0.5, 0.8, and 0.9 

s for Huh7-#1 (Fig. 3.6a) but are not visible in other views. Cell morphology varies with 

the observation angle, including nucleolar number, cell area, and cell circularity, all of 

which change during rotation (Figs. 3.6b-d). For example, the shape of cell Huh7-#2 

(outlined in black) changes from oval (0.6 s) to circular (0.9 s) at different observation 

angles. For the IHH cell sample shown in Fig. 3.6e, the intermittent appearance of the 

nucleus during the rotation can be clearly identified without nucleus staining (indicated 

by red arrows). In addition, as shown in Figs. 3.6f-h, notable variations in the nucleus 

outline, cell area, and cell circularity can be clearly observed during rotation. For 

instance, the cell area changes by 20% from 0.3 to 1.2 s for IHH-#1. Such changes 

are also found in another studies using magnetic resonance imaging (MRI) to analyze 

cell morphology.174, 175 The cell area is used as a key parameter to evaluate cell 

evolution, e.g., a 10.5% cell area loss was found in 50 days senescent erythrocytes.176 



58 
 

Additionally, cell circularity is another crucial parameter to evaluate cellular physiology 

state, e.g., response to drugs and other external materials. The circularity of IHH-#2 

cells changes by 18% from 0.15 to 0.6 s as shown in Fig.3.6e. A circularity reduction 

of 19.6%, from 0.903 to 0.726, is registered when HepG2 cells expose to 5% 

squaramide-based supramolecular materials.177 The ability to detect cell area and 

circularity holds significant potential for advancing our understanding of cellular 

physiological processes. 

 

Figure 3.6. Examples of Huh7 and IHH cells during rotation. (a)-(d): Examples of 

Huh7 (hepatocyte cancer line) cells during rotation. The morphology parameters 

including the nucleolus number, cell area, and cell circularity are changing during the 
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rotation. (e)-(h): Example of IHH (hepatocyte cancer line) cells during rotation. The 

morphology parameters including the nucleus outline visibility, cell area, and cell 

circularity are varying during the rotation. (c), (d), (g), (h): Quantification of cell area 

and cell circularity during rotation process of Huh7 and IHH cell lines, respectively. 

Note: the area and circularity traces were obtained by frame-by-frame measurements 

in ImageJ after interactive ROI/outline selection (i.e., semi-manual segmentation 

rather than fully automated analysis). The dashed lines represent the average value 

of the cell area and cell circularity, which is calculated based on the sum of each time-

interval quantification for the total rotation process. Scale bars are 10 μm . 

The examples of cell morphology captured during rotation demonstrate that the MARC 

device successfully symmetrically trapped and rotated two traces of cells. The 

discovery of inconsistencies in nucleolar number, cell area, circularity, and nuclear 

outline within a single cell preliminarily proved the value of using MARC for multi-angle 

cytology. We further applied the MARC device to compare the circularity between 

Huh7 and IHH cells during rotation. As shown in Fig. 3.7a, no significant difference 

(NS) in circularity is observed at angles of 135, 225, 270, and 360 degrees. Whereas 

a significant difference in circularity (p < 0.0001) is detected between these two cell 

types (Fig. 3.7b). This demonstrates that MARC considerably enhances the 

discrimination between the cancer and normal tissue cells. 

 

Figure 3.7. Cell circularity comparison between Huh7 cells and IHH cells under 

different observation angles during rotation. (a) At each single angle comparison. 

(b) Rotation-based multi-angle integrated cell circularity comparison. All p-values were 
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determined using one-way ANOVA. NS: no significance. * p < 0.05, ** p < 0.01, **** p 

< 0.001. 

The throughput of the current study is calculated using the formula: 

𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 =
𝑁

𝑅𝐴 ×
1

𝐹𝑃𝑆

(3.2) 

Where N is the maximum number of cells observed in the microscope window, FPS is 

the camera frame rate, and RA is the number of rotation angles captured during cell 

rotation. In this study, N was approximately 50, as observed with a 20× objective lens. 

FPS was 30 for the camera used to validate the concept. RA was 8, as eight angles 

were captured during cell rotation for morphological quantification. Therefore, the 

throughput was estimated as: 

𝑁

𝑅𝐴 ×
1

𝐹𝑃𝑆

=
50

8 ×
1

30

= 188 𝑐𝑒𝑙𝑙𝑠/𝑠 (3.3) 

The throughput can be increased by using cameras with higher frame rates. For 

instance, a camera with 1000 fps could achieve a throughput of 6250 cells/s, 

approaching the capacities of imaging flow cytometry. In comparison, traditional 

pathology slide scanners have a throughput of about 2 min per slide, excluding slide 

preparation time, and can scan approximately 150,000 cells per slide.178 This 

corresponds to an estimated throughput of 1,250 cells/s. However, considering the 

preparation steps such as fixation, embedding, sectioning, staining, mounting, and 

labelling-which can take more than 24 h—the actual throughput of traditional pathology 

examinations might be lower than that achieved with MARC.161, 179 The MARC device 

also exhibited a much higher throughput compared to other acoustic rotation methods 

using microbubbles.85, 88 Assuming both MARC and other methods operate at the 

same rotation speed, the time required to capture a 360° morphology is the same. The 

throughput is defined by the number of cells being rotated and captured within a 

microscope's field of view, which is determined by the magnification used. For instance, 

a 20× objective lens can visualize approximately 50 cells in the field of view 

accommodated in the MARC device, whereas most devices applying microbubbles 

contain only five cells. In addition, the MARC has the capacity to attract and rotate 

more than two cell traces by widening the channel to accommodate more PNs, 
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resulting in the throughput at least 10 times larger than that of microbubble methods. 

This higher throughput is due to the MARC device's elimination of microstructures 

inside the channel, allowing for a higher cell density during rotation. 

3.2.4 Controllable Cell Rotation 

The velocity of the acoustic streaming determines the rotational speed of the cells. 

The amplitude of the streaming velocity was controlled by the amplitude of the RF 

signal applied to the MARC device. The control of this speed allows capturing multi-

view morphology using the imaging system with various frame rates. Fig. 3.8 

compares the measured rotational speed of cells (revolutions per minute, r.p.m.) from 

two representative rotation traces with the simulated acoustic-streaming velocity, both 

plotted against the peak-to-peak voltage applied to the MARC device. Note that the 

rotation speed is quantified from top-view trajectories in the 𝑥 − 𝑦 plane, whereas the 

simulated streaming velocity is extracted from a cross-section (𝑥 − 𝑧 plane); therefore, 

the axes used for experiment and simulation are defined differently and are not directly 

comparable. The purpose of this figure is to demonstrate that the model reproduces 

the experimentally observed trend: increasing the RF drive amplitude increases the 

streaming strength and, correspondingly, increases the cell rotation speed. For 

example, increasing the amplitude from 7.5 𝑉௣௣ to 17.5 𝑉௣௣  results in an increase in 

rotational speed from ≈5.2 to ≈55 r.p.m. Within the tested range (up to ~55 r.p.m.), 

we did not observe obvious rotation-speed-induced deformation; the apparent 

changes in cell outline (area/circularity) primarily reflect different 2D projections at 

different viewing angles during rotation. 

 



62 
 

 

Figure 3.8. Cell rotation velocity and simulated streaming velocity quantification 

between two cell traces under various input voltage (n = 15). Note: rotation is 

quantified from top-view 𝑥 − 𝑦 trajectories, whereas streaming is extracted from an 

𝑥 − 𝑧 cross-section in simulation; thus the axes differ, and the aim is to show that the 

model predicts the correct experimental trend with increasing drive amplitude 

The statistical comparison data of two cell traces are listed in Table 3.1. These results 

show that symmetric cell rotation with similar rotational speeds is created in the MARC 

device. As expected, the rotation angle can be predicted by using the time as their 

linear relationship shown in Fig. 3.9. 
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Table 3.1. The measured rotational speed of Huh cells against the amplitude of 

the input signal from 7.5 Vpp to 17.5 Vpp. 

Input 

voltage 

(𝑉௣௣) 

Cell rotation angular velocity (r.p.m.,  revolutions per 

minute) 

p values of 

statistical 

analysis between 

trace 1 and trace 

2. (NS: no 

significance, p > 

0.05) 

Cell trace 1 Cell trace 2 

Mean SD n Mean SD n 

7.5 5.13333 0.73568 15 5.23333 0.74141 15 0.77 (NS) 

10 14.8406 0.1327 15 14.43242 0.06562 15 0.33 (NS) 

12.5 30.84364 0.06136 15 30.16413 0.07201 15 0.54 (NS) 

15 46.21856 0.04907 15 43.96559 0.09915 15 0.44 (NS) 

17.5 54.94048 0.05152 15 56.01462 0.03356 15 0.65 (NS) 
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Figure 3.9. Rotation angle quantification of the Huh7 cell (n = 8) during two 

rotation cycles (i.e., two times 360 degree) under 12.5 Vpp. 

The contactless feature of MARC facilitates the cell rotation taking place in a free 

space inside the microchannel. However, the potential cell position offset during 

rotational is crucial for achieving stable image capture (Fig. 3.10a), which is strongly 

influenced by the amplitude of the RF input signal. We therefore measured the cell 

shift under the input signals ranging from 12.5 to 17.5 𝑉௣௣. As shown in Figs. 3.10b-c, 

the cells on both traces drift off their starting positions for only a few microns. The 

average drifts under the three input signals range from ≈0.6 to ≈1.2 μm, and from 

0.5 to 1 μm, respectively, on the 𝑥-axis for both traces. These values indicate the 
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minimal lateral displacements during the rotation due to the streaming effects. 

Similarly, the cell drift on the y-axis ranges from ≈1.0 to ≈2.6 μm, and from 1.2 to 2.5 

μm, respectively. While the cell displacement offset shows minimal position drift during 

rotation, the two cell traces exhibit inconsistent responses to input voltages along the 

𝑥- and 𝑦-axes. This inconsistency may stem from small out-of-plane (𝑧-direction) 

deviations, i.e., the cell’s height within the channel is not completely stable during 

rotation; when cell positions are extracted from a top-view (𝑥 − 𝑦 plane) image, any 𝑧-

motion can introduce small apparent 𝑥 − 𝑦 measurement errors. 

 

Figure 3.10. Cell shift quantification along 𝒙 and 𝒚-axis during rotation process 

for both cell traces. (a) Illustration of the cell displacement on the 𝑥- and 𝑦-axes. (b)-

(c) Distribution of the cell shift on the 𝑥- and 𝑦-axis for both cell traces (n = 30). 
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Further analysis comparing the offset values reveals a significant variation between 

the two traces under 12.5 𝑉௣௣ on both axes and 17.5 𝑉௣௣ on the 𝑦-axis (Fig. 3.11). The 

variation at 12.5 𝑉௣௣ may be attributed to a weaker acoustic radiation force in trapping 

the cells, whereas the use of 17.5 𝑉௣௣ may produce unstable acoustic streaming to 

drive the rotation. To ensure minimal cell displacement in situ, an input signal of 15 

𝑉௣௣ was used in the following manipulation, as it produced in no obvious cell drift. In 

comparison to optically induced and metal-electrode-based dielectrophoresis methods, 

MARC can achieve in-situ rotation manipulation of multiple cells with minimal position 

drift during rotation. This feature allows imaging a group of cells without changing 

microscopic focus, which is crucial when using high magnification for high-throughput 

cytomorphological evaluation. 

 

Figure 3.11. Quantification of the rotation variation between cell trace 1 and 

trace 2 under three input voltages. All p-values were determined using one-way 

ANOVA. NS: no significance. * p < 0.05, ** p < 0.01, *** p < 0.001. 

3.2.5 Cytomorphological Evaluation during Cell Rotation 

Cytomorphological evaluation was conducted using parameters including nucleus 

solidity, circularity, and N/C ratio, with their definitions illustrated in Fig. 3.12a. It is 

expected that these parameters exhibit variations when measured at different angles 

for a given cell. To investigate the utility of the additional morphology information 

during rotation, the captured multi-views of the cell were split into eight representative 

frames with an interval of 45°, with an example shown in Fig. 3.12b. In this example, 
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the nuclear morphology displays considerably different roundness, e.g., the nucleus 

appears rounder at 360° compared to 135° (highlighted by the cyan outline). 

We further conducted a detailed analysis of three nucleus parameters of 30 individual 

Huh7 cells during rotation. Each cell was quantified at eight distinct rotation angles, 

separated by an interval of 45°. These 30 cells were then combined to form a single 

group, again analyzed at the same eight rotation angles. Our analysis revealed 

prevalent inconsistencies in value ranges across all parameters during the group cell 

rotation (as shown in Fig. 3.12c). Delving into the specifics, the solidity parameter 

exhibits the most substantial variation at 315°, ranging from 0.75 to 0.97. This variation 

suggests a broad spectrum from pronounced nucleus branching to minimal nucleus 

invagination. The circularity parameter, on the other hand, has its widest value which 

is dominant at the angle of 45°, oscillating between 0.47 and 0.95. Such a range 

indicates variations from highly irregular nucleus shapes to more rounded forms. 

Finally, the N/C ratio, a critical metric in pathology, shows marked fluctuations at angle 

360°, with values ranging from 0.37 to 0.94. A high N/C ratio often indicates cellular 

atypia or malignancy, underscoring the importance of precise assessments.180 

Inconsistencies in these measurements from different observation angles, as 

identified through MARC, can potentially impact diagnostic outcomes.       
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Figure 3.12. Cytopathological evaluation in the cell rotation process. (a) I − III: 

Definition of three commonly used nuclear morphology parameters: solidity, circularity, 

and N/C ratio. (b) Eight representative observation angle of a single hematoxylin-

stained Huh7 cell. (c) Quantification of the three nuclear parameters for the Huh7 cell 

group (n = 30). (d) PCA analysis of the nuclear morphology variation under different 

observation angles for the Huh7 cells (n = 30). All p-values were determined using 

one-way ANOVA (normally distributed) or Kruskal-Wallis tests (non-normally 

distributed). NS: no significance. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

Scale bar, 10 μm. 

To better integrate the above three parameters for evaluating the nuclear morphology 

influenced by observation angles, we employed principal component analysis (PCA). 

The first principal component (PC1) accounted for a significant portion of the total 

variance, ranging between 40.89% and 80.07%, making it a robust indicator.181 A 

deeper examination of the PC1 for the 30 Huh7 cells across eight viewing angles 

reveals considerable variations, as depicted in Fig. 3.12d. Remarkably, out of these 
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samples, 29 cells exhibit significant differences (p < 0.05) in the PC1 across the multi-

angle views. In contrast, cell #29 maintains consistent morphology regardless of the 

viewing angle, as detailed in Fig. 3.13.  

 

Figure 3.13. The microscopic image of the Huh7-#29 during the rotation. Scale 

bar, 10 μm. 

The observation angle plays a vital role in quantifying nuclear morphology at the 

single-cell level. Details are shown in Figs. 3.14a-c, where all three parameters display 

significant differences under multi-view observations, while the N/C ratio varies more 

than the circularity and solidity (Fig. 3.14d). During the rotation of the 30 cells, cells #4 

and #16 displayed notable fluctuations in nucleus circularity and N/C ratio values, 

ranging from 0.51 to 0.92 and 0.43 to 0.83, respectively. Such variations surely add 

complexity to cytological analysis, emphasizing the need for a thorough evaluation. 

For example, misshapen nuclei of fibroblast are often used as the warning signs of 

diseases, defined as circularity ≤ 0.65,182, 183, 184 therefore, a careful observation is 

required for accurate diagnosis. Similarly, distinguishing between circulating tumor 

cells with a N/C ratio greater than 0.8 and leukocytes with a smaller N/C ratio can be 

challenging, particularly in liquid biopsies where both may coexist.185, 186 The 

observation angle from the results shows that it is crucial to correctly classify these 

cell types. 
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Figure 3.14. Statistical analysis of the multi-angle impact on Huh7 cell 

cytopathology evaluation. Significant difference analysis of nuclear (a) solidity, (b) 

circularity, and (c) N/C for single-cell during one circle rotation process. (d) The shaded 

connection lines of eight angles for each cell further visually reflect the significant effect 

of the multi-angle on the three nuclear parameters quantification (n = 30). All p-values 

were determined using one-way ANOVA (normally distributed) or Kruskal-Wallis tests 

(non-normally distributed). NS: no significance. *: p < 0.05, **: p < 0.01, ***: p < 0.001, 

****: p < 0.0001. 

3.2.6 Enhanced Sensitivity through Cell Rotation 

After successfully demonstrating the MARC device's capability in assessing cellular 

morphology from multiple angles, we further explored its potential to differentiate 

between tumor and normal tissue cells using this approach. Breast and lung cancer 
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cells, along with their normal tissue counterparts, were used with the results shown in 

Figs. 3.15a-b. 

In the case of breast cancer cells (MDA-MB-231), the N/C ratio measured during the 

rotation was found to be higher than that of epithelial cells from the mammary gland 

(MCF-10A). This contrasts dramatically with the results from the conventional slide-

based examination, which shows no significant difference between cancerous and 

normal counterpart cells, as illustrated in Figs. 3.15d-e. Similarly, lung cancer cells 

(A549) exhibited a lower N/C ratio compared to that of the lung epithelial cells (BEAS-

2B). The average N/C ratio obtained from the rotation of A549 cells was smaller than 

that of BEAS-2B cells (Fig. 3.15b), seemingly contradicting the characteristic 

expectation of cancer having enlarged N/C ratios due to increased chromatin content 

within malignant cells.187 However, this discrepancy could be attributed to alterations 

in their biophysical properties resulting from genetic editing during cell line 

development.188 These results demonstrate the MARC device's ability to offer a 

different perspective on N/C ratios between cancerous and noncancerous cells, 

providing additional data that may not be as apparent with single-plane traditional 

slide-based cytology. This Supporting Information could contribute to more informed 

cytological discrimination. 

Another valuable application of the MARC is in phenotyping various cancer cell types, 

particularly in the context of differentiating cells in biofluids.189, 190 The rotation-based 

N/C ratio measurements (Fig. 3.15c) reveal significant differences among A549, MDA-

MB-231, and Huh7 cells, with mean values of 0.51, 0.68, and 0.78, respectively. In 

contrast, the traditional single-plane measurements (Fig. 3.15f) show a narrower 

spread in mean values (0.61, 0.63, and 0.70, respectively). Because MARC quantifies 

N/C across multiple viewing angles during rotation, whereas conventional cytology 

measures a single 2D projection, the absolute mean values are not expected to match 

one-to-one between the two methods. Instead, the key outcome is that MARC 

provides clearer separation between cell types in this dataset, indicating improved 

discriminatory power compared with standard single-plane cytological examination. 

Therefore, in this thesis MARC is positioned as a pre-cytopathological screening/triage 

approach to support and prioritise downstream conventional cytology, rather than as 

a stand-alone cancer screening or diagnostic test. 
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Figure 3.15. N/C-based examination of cells. Rotation-based N/C comparison 

between (a) breast healthy cell MCF10A and breast cancer cell MDA-MB-231, 

between (b) lung healthy cell BEAS-2B and lung cancer cell A549, and among (c) 

three cancer cells: lung cancer cell A549, breast cancer cell MDA-MB-231 and liver 

cancer cell Huh-7. Traditional cytopathology detection one angle quantification based 

N/C comparison between (d) breast healthy cell MCF10A and breast cancer cell MDA-

MB-231, between e) lung healthy cell BEAS-2B and lung cancer cell A549, and among 

(f) three cancer cells: lung cancer cell A549, breast cancer cell MDA-MB-231 and liver 

cancer cell Huh-7. All cell lines were analyzed based on the quantification of 30 cells, 

per cell averaged by the N/C value of 8 angles. All p-values were determined using 

one-way ANOVA. NS: no significance. * p < 0.05, ** p < 0.01, **** p < 0.0001. 

The multi-angle analysis provided by the MARC device enriches cytology by providing 

a more comprehensive understanding of cellular morphology, thereby aiding in overall 

evaluation. It is worth noting that the MARC device aims to rotate cells along the y-

axis only, unlike the rotation induced by microbubbles, which involves in rotations in 

both the 𝑥 − and 𝑦 −axes. This operational difference facilitates device simplification 

and throughput enhancement, while still achieving a considerable sensitivity in 

revealing cellular morphology throughout the entire revolution. As depicted in Fig. 3.15, 

the specificity of MARC in identifying samples with significant N/C ratio variances 

underscores its potential as a preliminary screening tool. In light of these findings, we 

propose that MARC can enhance precytopathological screening by identifying 
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samples marked as positive that undergo further traditional cytopathological 

evaluation, as illustrated in Fig. 3.16. This strategic approach holds the potential to 

greatly enhance the diagnostic efficiency. By directing only positively screened 

samples to subsequent traditional cytopathology, MARC has the great potential to 

optimize diagnostic efficiency. 

 

Figure 3.16. The envision illustration for MARC enabled cytopathological 

screening. Cell samples collected from biofluid are subjected to two analysis 

pathways. The traditional path involves sample centrifugation, hematoxylin and eosin 

(HE) staining and cytopathologist examination, yielding binary outcomes based on 

experience. Alternatively, the MARC detection route offers nucleus staining and muti-

view morphological analysis. Only positive MARC results (No NS: significance) prompt 

traditional cytopathology, enhancing screening efficiency and information depth. 

3.3 Conclusion 

In this chapter, we introduced the MARC device to enhance the analytical information 

at the single cell level. Its capability provided multi-angle morphological insights into 

hepatocyte cell line Huh7 and IHH cells dramatically improved our ability to interpret 

cytopathological evaluations. A notable feature of this advanced cytometry is its 

precision, characterized by the controlled rotation speed of two cell traces, adjustable 

through the modulation of the device's input power. The MARC device's ability to 

amplify morphological variations, particularly the N/C ratio dynamics, has shown 

exceptional proficiency in differentiating between cancerous and noncancerous cells, 

surpassing traditional cytopathological methods. These findings indicate that MARC 

holds good promise in enhancing pre-cytopathological screening. By focusing on 

samples that test positive in MARC screening for further analysis through traditional 
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cytopathology, it could greatly improve the efficiency of the diagnostic process and 

optimize the use of medical resources. 

3.4 Robustness, Reproducibility, and Biomedical User Feedback 

Repeat experiments and reproducibility. The main comparison results in this chapter 

were assessed for repeatability across device runs performed on different days. For 

each cell line, all measurements were taken from the same fixed sample tube (same 

batch); however, the sample was loaded and processed on multiple days, meaning 

each dataset corresponds to a separate device run with a new 

loading/trapping/rotation sequence. This design tests technical reproducibility (day-to-

day repeatability of device operation and analysis) while holding the biological sample 

constant. It should be noted that this does not constitute an independent biological 

replicate (e.g., different culture passages, independently prepared samples, or patient 

specimens), which would be required to demonstrate broader biological 

generalisability. 

Biomedical user feedback. Feedback gathered during discussions with 

cytopathologists and workflow observation indicated that (i) a large proportion of 

routine screening samples are true-negative yet still consume review time, and (ii) 

multi-view morphology could be valuable where single-view assessment is ambiguous. 

In this context, MARC’s ability to maintain focus while rotating cells and quantify angle-

dependent morphology (e.g., N/C ratio variation) aligns with user-identified needs for 

efficient pre-screening. 

Standards of proof and current scope. The results presented here meet a proof-of-

concept standard commonly expected at the device-development stage: repeatable 

operation across independent runs and statistically supported separation of cell-line 

datasets. However, biomedical standards for translation would require additional 

validation, including independent biological replicates, multi-operator/multi-day studies, 

blinded comparison against expert ground truth, and evaluation on clinically relevant 

specimens with diagnostic performance metrics (e.g., sensitivity/specificity and inter-

rater agreement). 

3.5 Limitations and Practical Considerations  

This chapter demonstrates controlled, multi-view rotation of individually trackable cells 

and shows that viewing angle can influence morphology metrics (e.g., apparent N/C 
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ratio), highlighting the value of multi-angle imaging for pre-cytopathological screening. 

However, the comparison is currently demonstrated on a limited set of fixed cell lines 

under controlled conditions; generalisation to primary clinical samples will require 

larger cohorts, blinded evaluation, and benchmarking against ground-truth pathology 

outcomes. In addition, while MARC enables parallelised rotation with a compact 

footprint, the achievable rotation range and stability remain dependent on operating 

parameters (e.g., acoustic field configuration, medium properties, and cell 

size/contrast), and also needs manually fine-tune by the operator. Future work should 

include systematic inter-day/inter-device reproducibility studies and user-centred 

validation with cytopathologists to define performance thresholds for clinical adoption. 

3.6 Methods and Materials 

3.6.1 Device Fabrication and Assembly 

To simplify the fabrication process, the IDTs on the MARC device were manufactured 

by using a PCB technique.170 Briefly, a PCB patterned with a pair of gold interdigital 

electrodes was mechanically mounted to a piezoelectric substrate (LiNbO3) to form 

the IDT by using a jig (Fig. 3.17). The specifications of the PCB IDT and the 

microchannel are provided in Table 3.2. The Rayleigh SAW wavelength produced by 

the MARC device was ≈200 μm. 

For the microchannel fabrication, a standard PDMS technique was employed, 

consistent with our previous studies.172 Initially, a 60 μm thick layer of SU-8 photoresist 

was spin-coated onto a 4 inch silicon wafer and patterned by using a mask aligner. 

The silicon wafer's surface was then coated with silane vapor to modify its surface 

properties. Subsequently, the PDMS microchannel was cast from the silicon mold with 

a 10:1 (𝑤/𝑤) mixture of PDMS base and curing agent (Sylgard 184, Dow Corning), 

after degassing, the PDMS was cured at 65 °C for 1 h. Finally, the cured PDMS 

microchannel was punched to create inlet and outlet ports for sample loading. 

The assembly process for the MARC device began with the thorough cleaning of the 

PCB IDTs and the PDMS microchannel using isopropyl alcohol followed by deionized 

water. Various components of the jig as illustrated in Fig. 3.17a, including two main 

holders, two localized pressers, four reverse stands, and a microchannel presser, 

were all 3D printed. The LiNbO3 substrate was placed onto a customized aluminium 

plate to support the mechanical components. When mechanically clamping the two 
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components, the finger electrodes of the PCB were aligned in parallel with the 

reference flat on the LiNbO3. 

Four pogo pins were contacted with the bus pads on the PCB to deliver RF signals to 

the MARC device, eliminating the need for soldering any cables directly onto the IDTs 

and improved the device's pinout robustness. After the PCB IDTs were assembled, 

the PDMS microchannel was placed onto the LiNbO3. A 4 mm thick acrylic presser 

was then mounted onto the PDMS microchannel, providing even force distribution 

across the microchannel. A microchannel presser was positioned above the acrylic 

presser to firmly clamp the PDMS microchannel onto the LiNbO3. The entire MARC 

device was mechanically assembled, allowing for on-demand cleaning and 

amendment. The combination of the PCB technique and mechanical packaging 

offered flexibility in constructing acoustofluidic devices.191 A polarizer (43785, Edmund 

Optics) was placed below the LiNbO3 substrate to correct the polarization, securely 

fitted into the hole of the aluminium plate. To enhance observation quality specifically 

to eliminate double-image phenomena and achieve clearer visibility, the device was 

inverted to observe from the LiNbO3 side. 

 

Figure 3.17. The components and assembly of the MARC device. (a) 3D exploded 

view of the MARC device. (b) Real image of the assembled MARC device. 
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Table 3.2. Detailed geometry parameters of the PCB IDT and PDMS 
microchannel. 

 

PCB IDT 

IDT finger 

width 

IDT finger 

space 

wavelength aperture IDT 

pairs 

38.7±3.1 μm 

(Average±SD) 

61.1±3.0 μm 

(Average±SD) 

199.6±4.8 μm 

(Average±SD) 

10 mm 40 

PDMS 

microchannel 

width height length PDMS thickness 

200 μm 60 μm 15 mm 5 mm 

 

3.6.2 Cell Sample Preparation 

Human hepatocytes cell lines, the Huh7 (JCRB cell bank) and IHH (JCRB cell 

bank),192 human lung cell lines, the human bronchial epithelial Beas-2b (CRL-9609, 

ATCC) and human non-small cell lung cancer A549 (CCL-185, ATCC), as well as 

human breast cell line such as human mammary epithelial cell line MCF-10A (CRL-

10317, ATCC) and human breast cancer MDA-MB-231(HTB-26, ATCC), were 

cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine 

serum and 1% penicillin–streptomycin. The cells were passaged every 4 to 5 days 

upon reaching 65–80% confluency by trypsin incubation for 1–2 min, followed by 

phosphate-buffered saline (PBS) washing and resuspension. The cells were then fixed 

with 4% paraformaldehyde for 15 min and centrifuged at 1500 rpm for 5 min to isolate 

the cells from the supernatant. Finally, the cells were washed again to remove the 

remaining paraformaldehyde. 

3.6.3 Nucleus Staining and Morphology Quantification   

Cell nucleus staining procedure was performed by following these steps. 1) Nucleus 

staining: Fixed cells were suspended in 60× Mayer's hematoxylin (12603957, Fisher 

Scientific) in PBS to stain the nucleus for 2 min, followed by PBS washing by 

centrifuging at 1200 rpm for 3 min. 2) Differentiation: 2% acid alcohol was added for 

differentiation and immediately centrifuged the mixture at 1000 rpm for 1–2 min, and 

then removed the supernatant. 3) Antiblue treatment: The cell precipitate was 

immersed in 0.5% ammonia solution for 2 min, then centrifuged at 1000 rpm for 1–2 

min, after which the supernatant was carefully removed. 4) Decolorization: 70% 

ethanol was added to the cell precipitate and immediately centrifuged the mixture at 
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1000 rpm for 1–2 min, followed by removing the supernatant. 5) Cell collection: PBS 

was added to resuspend the cell precipitate. This study analyzed five nucleus shape 

parameters of importance for cancer diagnosis, i.e., convex hull, perimeter, area, 

solidity, circularity, and nuclear-to-cytoplasmic ratio. Solidity, defined as the ratio of the 

nucleus to its convex hull, was served as an indicator to assess the concavity and 

lobulation of the nucleus.193 Circularity, calculated as 4·p·nucleus area/nucleus 

perimeter,165 quantifies how closely a cell nucleus resembles as a perfect circle.194 

The N/C ratio, representing the ratio of the nucleus area to the entire cytoplasmic area, 

provided insight into cell malignancy and atypia.180 

3.6.4 System Setup 

Fig. 3.1.a shows the schematic of the system setup. The cells were injected into the 

PDMS microchannel using a syringe pump (74905-54, Cole-Parmer). Before loading 

the cells, 1% (𝑣/𝑣) bovine serum albumin solution was coated to the microchannel to 

prevent cell adhesion, at a flow rate of 5 μL/min for 30 min. All experiment data were 

observed and recorded through an upright microscope (OBD 127, Kern) equipped with 

a 20× objective lens. RF signals were generated using a signal generator (123-6578, 

RS pro) and amplified by an RF power amplifier (LZY-22+, Mini circuit). The forward 

and reflected powers were monitored using two power meters connected to two 

couplers (ZFBDC20-62HP-S+, Mini-Circuits). L-C matching networks were designed 

for the PCB IDTs to minimize power reflection from the IDT. Both PCB-IDTs, prepared 

using PCB technique, resulted in a Rayleigh frequency around 19.61 MHz. The 

reflection coefficient, S11 or S22, was used to characterize the frequency response of 

the IDTs. The matching network was used to optimize the signal transmission to the 

IDT and protected the output stage of the RF power amplifier. Fig. 3.18 shows that the 

S11 for both IDTs are greatly reduced to −32.3 and −32.1 dBm, respectively, which 

closely resemble those of IDTs manufactured using conventional photolithography 

techniques. 
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Figure 3.18. Electrical characterisation of the S11 and S22 of the MARC with and 

without matching networks. 

3.6.5 Numerical Analysis   

To investigate the acoustofluidic field within a PDMS microchannel on the 𝑥 − 𝑧 plane, 

the finite element method (FEM) simulation was conducted using COMSOL 

Multiphysics (Version 6.0, COMSOL AB). The Piezoelectricity Multiphysics and 

Thermoviscous Acoustics Modules were employed for this study. The model geometry 

consisted of ten pairs of IDT fingers (50 μm × 5 μm) with a wavelength of 200 μm, 

located on a 300 μm  thick LiNbO3 wafer. The dimensions of the PDMS channel 

boundary were varied using the built-in parametric sweep function, with steps of 20 

μm in height (40–100 μm) and steps of 50 μm in width (100–300 μm). The liquid 

domain and its properties were defined as water. Initially, a frequency domain solution 

was performed to obtain the mechanical displacements of the piezoelectric material 

and the resulting acoustic pressure induced in the liquid. These acoustic pressure 

values were subsequently employed in the stationary solver to solve for the acoustic 

pressure-induced liquid streamlines. 

3.6.6 Analysis of Cell Rotation 

Compared to many other studies involving customized algorithm for rotational 

analysis,195, 196, 197, 198 the current study used Tracker (Version 6.0.8, Open Source 

Physics), a free video analysis and modelling tool, to perform the analysis of rotational 

angles and speed. In this study, videos and images were analyzed by the Tracker 

(OSP) and ImageJ (National Institutes of Health) software, respectively. To trace the 
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rotation angle, 8 Huh cells were randomly selected and tracked them through two 

complete rotation cycles in Tracker, recording the timestamp at each 45° interval. For 

determining the rotation speed, 15 randomly selected Huh7 cell rotation cycles were 

analyzed, each representing a full 360° rotation, from the two cell traces. Using 

Tracker software, the number of frames (𝑥௡ − 𝑥଴) was counted for a 360° rotation. The 

cell rotation speed 𝜔 can be calculated using the following equations,195 

𝜔 =
60(𝑥௡ − 𝑥଴)

𝐹𝑃𝑆
(3.4) 

where FPS represents the frame rate of the camera capturing the rotation. Additionally, 

the measurement of parameters such as nucleus area, nucleus convex hull area, 

nucleus perimeter, cytoplasm area, cell area, cell perimeter, and N/C ratio is typically 

accomplished through interactive image analysis and segmentation techniques made 

available in ImageJ. 1) Nucleus Area: the pixel area occupied was interactively 

identified and measured by the nucleus in the frame image, often after thresholding to 

separate the nucleus from the background. 2) Nucleus Convex Hull Area: the area of 

the smallest convex shape was outlined that can entirely enclose the nucleus. ImageJ 

calculated this by creating a convex hull around the segmented nucleus and 

measuring its area. 3) Nucleus Perimeter: This measured the total length of the 

boundary around the nucleus. ImageJ determined this by tracing the outline of the 

segmented nucleus. 4) Cytoplasm Area: The cytoplasm area was measured by 

subtracting the nucleus area from the total cell area after segmenting the cell and the 

nucleus separately. 5) Cell Area: This parameter is the total pixel area occupied by the 

entire cell, including both the nucleus and the cytoplasm. ImageJ calculates this by 

segmenting the cell from the background. 6) Cell Perimeter: Similar to the nucleus 

perimeter, this is the total length of the boundary around the entire cell outlined around 

the segmented cell. 7) N/C Ratio: The N/C ratio was computed by dividing the intensity 

measurement of the nuclear region of interest (ROI) by that of the cytoplasmic ROI 

(Fig. 3.12a). 

3.6.7 Statistics Analysis 

In this case, principal component analysis (PCA)199 was conducted after 𝑧 -score 

standardization of cell nucleus solidity, circularity, and N/C indices. The first 

coordination of PCA (PC1) accounted for the most of total variances was used as the 

reduced set of nucleus shape index. One-way ANOVA (normally distributed) or 
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Kruskal-Wallis tests (non-normally distributed) were performed to evaluate the 

statistical significance of differences. *, **, ***, and **** indicate p < 0.05, 0.01, 0.001, 

and 0.0001 between the conditions, respectively, and NS indicates statistically no 

significant difference between the conditions. All statistical results were plotted using 

Origin (OriginPro 2023, OriginLab). 
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Chapter 4: Manipulation at the Tissue Level for Transdermal 

Drug Delivery 

In the previous chapter, we achieved cell rotation manipulation and successfully 

applied the MARC device in cytopathological screening. In this chapter, we aim to 

achieve tissue-level manipulation. Tissue is composed of multiple cells that form tight 

intercellular connections; therefore, it is difficult to manipulate tissues directly in the 

same way as single cells. However, acoustofluidic devices can generate perturbations 

on tissues, which can indirectly manipulate the cells within them to achieve so-called 

“tissue-level manipulation”. Here in this chapter, we choose the skin as the target 

object. We build an Acoustic Droplets Activated Permeation (ADAP) device that jets 

droplets to impact the skin. Upon contact, these droplets create intense air entrapment 

that generates a downward compressive force and induces accelerated fluid 

streaming, disrupting the skin stratum corneum (SC) layer and enhancing transdermal 

drug delivery permeability. We use simulation and experiment to optimize the ADAP 

design for the desired droplet dispensing. By quantifying the perturbation effects, we 

further investigate three regions of interest from droplet falling to fluid perturbation, 

where we find a controllable relationship between input voltage and perturbation 

intensity. Furthermore, three drug molecules with different molecular weights (376 Da, 

10 kDa, and 70 kDa) are used to validate ADAP’s transdermal efficacy. Finally, using 

the hypoglycemic mouse model, we successfully demonstrate ADAP’s capability for 

effective and ultrafast in-vivo glucose delivery, which is also shown to be non-invasive 

via HE tissue sections. 

The corresponding manuscript in the chapter has been submitted: 

 X. Zhang, Y. Li, P. Dumčius, et al. Acoustofluidics Powered Transdermal Drug 

Delivery for Ultrafast Non-Invasive Disease Therapy. (Under Review) 

Author Contribution:  

I (Xiaoyan Zhang) contributed to the conception and application framing, led the device 

design-for-experiment iteration, conducted the experimental work (device operation, 

tissue-level manipulation tests, and microscopy imaging), and performed data 

processing and quantitative analysis. I also drafted the original manuscript text and 
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coordinated revisions with co-authors. The numerical modelling/simulation presented 

in this chapter was performed by a co-author (Povilas Dumčius) and is included to 

support design interpretation and explain observed trends, rather than as my original 

modelling contribution. 

4.1 Introduction 

4.1.1 Background 

As the body’s largest organ, skin protects against germs, regulates body temperature 

and enables touch (tactile) sensations. The skin’s main layers include the epidermis, 

dermis and hypodermis and is prone to many problems, including skin cancer, acne, 

wrinkles and rashes. Transdermal drug delivery (TDD) has recently made important 

contributions to medical therapy.200 Compared to intravenous injection, oral 

administration, and parenteral injection, the TDD is an attractive alternative due to its 

minimally invasive, high-patient compliance, bypass nature of gastrointestinal and liver 

degradation.201, 202 However, drug penetration through the skin remains a significant 

challenge due to the stratum corneum (SC), the skin’s outermost barrier layer, 

composed of anucleated cells embedded in lipid bilayers.203, 204 This SC layer is 

primarily responsible for low skin permeability and offers the limiting step in 

transdermal drug permeation.205 Various strategies have been developed to overcome 

this limitation, including chemical enhancers,206 iontophoresis,207, 208  thermal,209 

microneedles,210, 211, 212 and electroporation.213, 214 These methods, however, often 

show issues or limitations such as irritation or toxicity to living cells, serious skin pain, 

physically invasive, and/or side effects to skin after treatment. 

Acoustic-based methods have recently emerged as a promising solution, offering non-

invasive, portable, active, programmable, wireless, and flexible delivery options with 

minimal side effects in drug delivery.215 They generally include methods using 

ultrasonics or acoustic waves including, surface acoustic waves (SAWs), bulk acoustic 

waves, or Lamb waves.216, 217, 218, 219 Ultrasonics or acoustic waves increase skin 

permeability through two main mechanisms. The first one is cavitation, in which 

bubbles are oscillated and collapsed at the skin surface to generate localized shock 

waves and liquid microjets which target and damage the SC layer. The second one is 

non-cavitation ultrasound/acoustic waves, which use pressure gradients and 

oscillations to disrupt lipid structures of the skin’s SC layer.200, 220 Previous studies 

using piezoelectric transducers have successfully demonstrated non-invasive anti-
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inflammatory treatment,221, 222 cosmeceutical delivery efficacy enhancement,95, 96 

topically pain-killing drug fast release;97  and transcanal inner ear drug delivery without 

damaging the auditory responses.223 Interdigitated transducer (IDT) based SAWs 

have also been developed for TDDs, including localised delivery of therapeutic agents 

in porcine buccal model’s mucosa,219 and wirelessly powered SAWs transport 

hyaluronate rhodamine to pig skin tissue.216 Acoustic waves have also been recently 

integrated with microneedle technology generating acoustic streaming and enhancing 

deeper tissue delivery.63, 224, 225 However, most these acoustic transdermal methods 

have not solved the key issues of long administration period, limited delivery efficiency, 

or impractical applications for rapid-response acute disease therapies. Meanwhile, 

although microneedle‐integrated acoustic approaches can achieve effective TDD, 

they remain invasive and often cause skin discomfort. Furthermore, current acoustic 

techniques commonly lack the convenient flexibility to dynamically control both 

delivery efficiency and penetration depth. 

Acute diseases develop rapidly with life-threatening symptoms and commonly require 

immediate pharmacological intervention. One of the prime examples is hypoglycemia, 

defined as a blood glucose level below 70 mg/dL, and it is a commonly serious 

complication for people with diabetes. In a global survey of over 27,000 insulin-treated 

patients, more than 80 % of those with type 1 diabetes and nearly 50 % of those with 

type II diabetes experienced at least one hypoglycemic episode each month; and 

severe hypoglycemia affected 14 % of type 1 and 9 % of type II participants.226 In the 

UK alone, cost of managing hypoglycemia is estimated ~£468 million annually, 

including £295.9 million for severe cases and £172.1 million for non-severe ones.227, 

228 Severe hypoglycemia is commonly associated with heightened risks of 

macrovascular and microvascular complications and often leads to transient central 

nervous system dysfunction, requiring external assistance.229 Currently, the standard 

treatments for severe hypoglycemia are intramuscular glucagon or intravenous 

glucose infusion.230, 231 Intravenous glucose acts quickly, typically within 4–6 minutes, 

but requires administration by healthcare professionals. Glucagon autoinjectors are 

more suitable for home use, yet they have longer onset times (over 10 minutes), are 

costly, and often induce side effects such as nausea and vomiting for up to 20 % of 

patients.231, 232, 233 These limitations underscore the urgent need for a non-invasive, 

effective and ultrafast drug delivery system which can be convenient for at-home 
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administration, not only for hypoglycemia but for acute disease management in 

general. 

4.1.2 Design Rationale and Development Process 

Informed by discussions with dermatology clinicians and drug-delivery specialists, this 

project was initiated to address two real-world needs in transdermal drug delivery. First, 

many mainstream delivery approaches remain invasive, which can cause substantial 

pain and lead to visible irritation/damage or other side effects after treatment.216, 234 

Second, conventional transdermal delivery is often limited by the skin barrier, 

restricting achievable dose and making it unsuitable for acute conditions with a short 

therapeutic administration window.63, 229 These needs motivated the development of a 

fully non-invasive platform that can enhance transdermal transport while minimising 

discomfort and skin damage. 

These clinical requirements translated into specific design targets: (i) non-invasive, 

skin-compatible actuation with minimal mechanical damage; (ii) measurable and 

controllable enhancement of delivery efficiency, with tunable delivery rate and 

penetration depth via operating parameters; (iii) repeatable performance across 

samples and runs; and (iv) practical integration with standard workflows (simple 

mounting and compatibility with common drugs). Acoustofluidic actuation was 

selected to meet these targets because acoustic fields can be applied externally and 

without penetrating the skin, while providing tunable energy input that can induce 

controlled mechanical effects near the skin interface to enhance transport. Guided by 

these targets, the ADAP architecture was established through iterative design–test 

cycles, refining the chamber/nozzle configuration and actuation conditions to achieve 

robust delivery enhancement under safety/comfort constraints; supporting numerical 

modelling informed field/flow distributions and guided design choices, while 

experimental validation defined the operating window and quantified performance. 

In this proof-of-concept study, we therefore present an acoustic-droplet-activated 

permeation (ADAP) platform for rapid, non-invasive, and tunable transdermal delivery, 

validated using a hypoglycaemia mice model. ADAP couples a piezoelectric 

transducer with a central micro-nozzle to eject microscale droplets onto the skin; as 

droplets accumulate into a thin liquid film, trapped air forms a transient “air-bubble 

cloud” at the interface. Bubble oscillation generates localised mechanical stresses and 
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microstreaming that perturb the outermost stratum corneum (SC), enabling enhanced 

permeation and transport into tissue. By adjusting input voltage (and frequency where 

applicable), droplet density/impact and the resulting perturbation intensity can be 

tuned to regulate delivery rate and penetration depth. Ex vivo experiments with 

fluorescein sodium and FITC–dextran (10 and 70 kDa) show permeability 

enhancements of several orders of magnitude over passive diffusion, and in vivo 

studies demonstrate that a 5-minute ADAP treatment restores blood glucose levels in 

hypoglycaemic mice without detectable skin damage. With further development 

toward a user-friendly integrated device and rigorous clinical validation, ADAP has 

potential as a safe, fully non-invasive approach for rapid, at-home management of 

acute conditions. 

4.2 Results and Discussion 

4.2.1 Device Setup and Working Principle 

Fig. 4.1a illustrates that the ADAP generates impinging droplets downward and 

creates air bubble cloud onto the surface of skin. As shown in the right insert of Fig. 

4.1a, the ADAP device’s key actuator is composed of a piezoelectric transducer (PZT) 

unit bonded to a metal plate featuring a central micro-hole nozzle, encased within a 

pair of acrylic encapsulations. The drug solution is loaded into the reservoir above the 

metal layer. In more details, when the PZT unit vibrates, the capillary waves are 

created in the metal layer and cause localized pressure fluctuations within the drug 

liquid (Fig. 4.1b.Ⅰ). Due to the conical structure of the micro-hole, it works as a nozzle 

and enables liquid overcoming surface tension to pinch off, thus ejecting droplets 

downside. In the case of passive diffusion without acoustic waves (Fig. 4.1b.Ⅲ), the 

delivery of drug molecules is commonly blocked by the dense SC barrier, which 

causes a poor skin permeability. In contrast, our ADAP method (Fig. 4.1b.Ⅱ) ejects 

droplets onto the skin surface and these droplets accumulate into a thin liquid film. 

Subsequently when the successive liquid droplets strike onto the skin, many air 

bubbles are entrapped within the liquid, forming a transient “air bubble cloud”. We 

speculate this air bubble cloud may behave like a single ultrasound-responsive giant 

microbubble that effectively enhances the TDD through two mechanical principles 

instead of cavitation jetting.235, 236 Firstly, its rapid oscillations generate localised 

impact, translational, and shear forces which briefly disrupt the SC’s lipid bilayers, 

opening transient pathways for the TDD of drug molecules. Secondly, the intense 
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droplet collisions drive an accelerated streaming flow within the liquid layer, effectively 

injecting the drug molecules deeper into the epidermis. By coupling a momentary 

increase in skin permeability with accelerated fluid transport, the ADAP approach can 

achieves the efficient and non-invasive TDD. 

 

Figure 4.1. Working principle for ADAP enabled transdermal drug delivery. (a) 

Schematic illustration of the working mechanism and main actuator components of 

ADAP device. (b) ADAP method enabled transdermal delivery. Ⅰ: PZT vibration causes 

capillary wave to jet droplets through the centre micro-hole, which will then Ⅱ: entrap 

intensive air bubble cloud upon the stratum corneum surface. On the one hand, the 

continuous collision leads the bubble could oscillation may cause mechanical forces 

(red solid arrows) that cumulatively pull apart cell crevices onto the stratum corneum 

layer. On the other hand, it also induces fluid streaming (red dashed arrows) that may 

pump drug diffusion into the deeper tissue. The synergistic effect of the both effects 
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enables the fast and non-invasive transdermal delivery. Ⅲ: Schematic of traditional 

passive diffusion method that has limited drug permeation.  

4.2.2 Optimization for Droplet Generation 

The impedance characteristics of the PZT unit were firstly characterized within the 

frequencies from 0 to 200 kHz, and the obtained results are shown in Fig. 4.2. The 

measured impedance plot reveals two resonant frequencies at around 21 kHz (𝑓௥భ
) 

and around 110 kHz (𝑓௥మ
) which show the lowest impedance values and can generate 

the largest vibration amplitude. 

 

Figure 4.2. Acoustic impedance reading of the PZT unit range from 0~200 kHz.  

The performance of PZT unit with a centre micro-hole structure to dispense liquid 

droplets is strongly dependent on the actuating frequency, the liquid type, and the 

micro-hole size. In this study, we used high-energy pulsed laser machining to obtain 

a 100 μm (diameter) micro-hole in the metal layer as the nozzle for droplet generation. 

To evaluate the performance of the system to eject droplets, a dimensionless surface 

tension parameter S is introduced:237 

𝑆 =
2𝜎

𝜌𝑟ଷ𝑓ଶ
(4.1) 

Where 𝜎, 𝜌, 𝑟, 𝑓 are the surface tension and density of the liquid, micro-hole radius, 

and driven frequency. To enable droplet’s jetting, the value of S should be on the order 

of 1 or greater (i.e., 𝑆 ≥ 1) for the breakup of the droplets from the liquid air interface. 
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Otherwise, the wavelength of the short ripples on the liquid surface would be too small 

for the drop to pinch off from the liquid.237 In this study, we used DI-water as the liquid 

sample (density: 1 g/mL, and surface tension: 0.072 N/m) for calculations. Based on 

the S value plot shown in Fig. 4.3, in this condition with the micro-hole radius of 50 μm, 

the droplet could only be ejected at the frequency below around 33 kHz so the working 

resonant frequency for droplet generation should be at around 𝑓௥భ
, i.e., 21 kHz.  

 

Figure 4.3. Pinch off theory plot between frequency and micro-hole radius. Only 

the combination of both parameter generates 𝑆 ≥ 1 can make sure the above liquid 

can be dispensed through the micro-hole. 

To verify the theoretical results, we applied finite element method (FEM, COMSOL 

Multiphysics 6.0) to understand the influence of the frequency, and the geometric 

meshes are shown in Fig. 4.22. The vibration displacement and the fluid streamlines 

were simulated at the resonant frequencies of 21 kHz and 110 kHz, respectively (Fig. 

4.4). At 21 kHz (Fig. 4.4a), there are three pressure nodes (PN) around the central 

area, and the fluid from both sides is driven towards the micro-hole area, which 

enables enough liquid volume to be accumulated for dispense downwards through the 

PZT. In contrast, at the 110 kHz (Fig. 4.4b), five PNs are formed around the centre 

area, and the fluid streaming generates the reverse flows from PN2 to PN1 and from 

PN4 to PN5. These opposite streaming movements observed inevitably weaken the 

flow of liquid towards the centre micro-hole and push away the fluid from the micro-
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hole, leading to vibration of the liquid without ejecting the liquid downwards. This 

predication was also verified by the experimental results which showed that there were 

no droplets jetting phenomena around the frequency of 𝑓௥మ
, but liquid jetting 

phenomena were found close to 𝑓௥భ
 at around 24 kHz. 

 

Figure 4.4. Numerical simulation of metal layer vibration and fluid streaming. (a) 

at 𝑓௥భ
. (b) at 𝑓௥మ

. The colour gradient represents the displacement magnitude, and the 

red dash arrows indicate the fluid streamlines.  

4.2.3 Characterization of Falling Droplets and Induced Fluid Perturbation 

To investigate the behaviour of impacting droplets and the induced fluid perturbation, 

we examined how the input voltage affects droplet dynamics across three regions of 

interest (ROIs): droplet jetting/falling (ROI I), impact-induced bubble-cloud formation 

(ROI II), and bulk streaming (ROI III), as shown in Fig. 4.5. The ADAP actuator was 

mounted above the container with a fixed nozzle-to-surface distance, and the droplet-

driven bubble cloud formed at the interface region (ROI II), while streaming was 

quantified in the bulk liquid below (ROI III).  
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Figure 4.5. Experimental apparatus and definition of regions of interest (ROIs). 

The ADAP’s actuator (PZT unit with micro-nozzle) is positioned above a transparent 

container filled with working liquid. ROI I is used to quantify droplet formation/falling, 

ROI II captures the droplet/film–interface region where bubbles are trapped, and ROI 

III is used to quantify acoustic streaming in the bulk liquid below (cross-sectional x–z 

imaging plane). 

A high-speed camera system was built to capture droplet falling dynamics (Fig. 4.6) in 

the droplet jetting/falling stage (ROI I; Fig. 4.5), and representative frames are shown 

in Fig. 4.7a.  

 

Figure 4.6. High-speed camera system for droplet falling dynamic capturing. 
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By increasing the input voltage, the droplet jetting velocity and droplet number were 

all significantly increased (Figs. 4.7c-d). As shown in Fig. 4.7b, quantitative analysis 

of droplet diameters revealed that at a voltage of 250 Vpp, the droplet size was 

significantly larger compared to those at the lower voltages (150 and 200 Vpp). 

Though no statistical difference was observed between 150 and 200 Vpp, the mean 

droplet size was slightly higher at 200 Vpp, indicating an incremental effect of voltage 

on droplet dimensions (Figs. 4.7b-d).  

 

Figure 4.7. Quantification for droplet falling (ROI Ⅰ). (a) Frame image capture of 

the falling droplets. (b)-(d) Quantification of the droplets’ diameter, falling velocity, and 

numbers (20 frames) under various input voltages. (n = 50 in b and c, n = 10 in d) 

Scale bar: 400 μm in (a). 

These experimental trends align well with the simulation results in Fig. 4.8, which show 

increased PZT vibration amplitude and stronger streaming intensity (red arrows) at 

higher input voltages. 
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Figure 4.8. PZT vibration amplitude and above fluid streaming analysis at 

𝒇 ~ 𝟐𝟒 𝐤𝐇𝐳  under various input voltages. 

When a falling droplet impacts the underlying liquid layer, it first creates a concave 

surface indentation. As the droplet penetrates further, the concavity collapses and an 

air bubble can be entrained within the liquid (Fig. 4.9a). High-speed camera frames 

reveal clearly the transition from individual droplet into the entrapped bubbles (Fig. 

4.9b).  
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Figure 4.9. Droplets interact with the underlying liquid phase. (a) Schematic of 

the droplet hitting causes air bubble entrapment process. (b) Visualization of 

transitioning from droplets into air bubble formation in the liquid. Scale bar: 200 μm in 

(b). 

When multiple droplets strike the liquid, they entrap more bubbles that can induce two 

primary liquid-dynamic effects. The first effect is dynamic air-bubble cloud formation 

(ROI Ⅱ), in which multiple entrained bubbles are coalesced into a transient cloud. In 

Fig. 4.10a, the green outline marks the cloud’s boundary and the inset shows how its 

average area is quantified. As the input voltage is increased, more droplets enter the 

liquid and the mean cloud size is increased significantly (Fig. 4.10b). 
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Figure 4.10. Quantification for air bubble cloud (ROI Ⅱ). (a) Frame of air bubble 

cloud capture (green solid line). (b) The average hitting caused air cloud area at three 

input voltages.(n = 400). 

The second effect is enhanced bulk streaming (ROI III), with droplet impacts 

increasing the streaming velocity. To quantify the streaming induced by droplet 

impacts, we used a transparent container filled with working liquid (seeded with tracer 

particles) and imaged the flow in a fixed cross-sectional plane (𝑥 − 𝑧) beneath the 

droplet–film interface (Fig. 4.5). Velocity-magnitude maps (Fig. 4.11a) were obtained 

using particle image velocimetry (PIV)/particle tracking on consecutive frames, and 

the mean streaming speed was calculated by spatially averaging the velocity 

magnitude over ROI III for each frame and then time-averaging over the analysed 

sequence (n = 200 frames per condition). Calibration: The pixel-to-distance conversion 

was calibrated using a stage micrometer imaged under the same optical settings, and 

the time base was set by the camera frame rate; together these define the absolute 

velocity scale (µm s-1). The same calibration factors and processing settings were 

applied to all conditions to enable objective comparison across voltages. The same 

calibration factors and processing settings were applied to all conditions to enable 

objective comparison across voltages. We have analyzed the frame-by-frame 

velocity‐magnitude maps (Fig. 4.11a) and calculated the average streaming speeds 

to reveal how the impact drives flow acceleration. As shown in Fig. 4.11b, the 

streaming velocity increases markedly with increasing input voltage. 
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Figure 4.11. Quantification of flow streaming (ROI III). (a) Example velocity-

magnitude map obtained from particle tracking/PIV. (b) Mean streaming speed 

(spatially averaged over ROI III and time-averaged over the analysed frames) at three 

input voltages. (n = 200 frames per condition). NS: no significance. *: p < 0.05, ***: p 

< 0.001, ****: p < 0.0001. 

Taken together, these results show that increasing input voltage increases droplet 

generation rate and impact momentum, thereby strengthening bubble-cloud formation 

and bulk streaming. We hypothesise that the bubble cloud can impose localised 

mechanical perturbation at the skin surface, while the enhanced streaming promotes 

faster transport of drug molecules within the interfacial liquid layer, offering a practical 

means to regulate delivery rate and penetration depth. 

4.2.4 Dynamic Control for Ex-Vivo Permeation Evaluation 

We further evaluated the performance of the ADAP in enhancing transdermal 

permeability using ex-vivo mouse dorsum skin tissues. Fluorescently labelled 

molecules, including fluorescein sodium (NaF, 376 Da) and fluorescein isothiocyanate 

(FITC)-labelled dextran (10 kDa and 70 kDa), were used as the model drugs for 

demonstrations. After a 5-minute treatment, the skin tissues were washed twice with 

phosphate-buffered saline (PBS) solution to remove residual surface attached loose 

drug molecules, then the fluorescence signals were characterized from skin’s 

horizontal and vertical directions (Fig. 4.12).  
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Figure 4.12. Schematic illustration of mice dorsum skin layers and two direction 

ex-vivo delivery quantifications.  

Horizontal view analysis of the skin revealed that the NaF fluorescence intensity was 

significantly higher for the acoustic group if compared to that of the control group (i.e., 

passive diffusion), and the intensity of fluorescence was increased with the increase 

of input voltage (Fig. 4.13). 

 

Figure 4.13. Horizontal view quantification. (a) Fluorescent microscopy images and 

(b) Relative fluorescence intensity under different input voltages. (n = 3). Scale bar 

500 μm in (a). 

Vertical cross-sectional imaging reveals that for the acoustic treatment group, there 

are significantly increased drug penetration depths through the SC layer into deeper 

skin layers. Whereas in the control group, fluorescence signals are mostly focused at 

the skin outermost layer (Fig. 4.14a). Quantitative analysis (Fig. 4.14b) reveals that 

the penetration depth in the acoustic group has reached up to around 600 μm after 5-

minute ADAP treatment, if compared with those of <20 μm for the passive diffusion 
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control. Moreover, the relative intensity in Fig. 4.14c show that the acoustic group 

demonstrates an 81.7-fold fluorescent intensity enhancement than that of the control 

group. These results demonstrate the superior permeability enhancement achieved 

by ADAP, facilitating drug permeation to deeper layers of the skin and enabling access 

into systemic circulation for therapeutic purposes.238  

 

Figure 4.14. Vertical view quantification. (a) Fluorescence microscopy images 

showing the outermost layer of the epidermis (white dashed line) and the deepest 

fluorescent layer (red dashed line). (b) Penetration depth, and (c) Relative 

fluorescence intensity comparison between control and acoustic group. (n = 6) *: p < 

0.05, ***: p < 0.001.  Scale bar 200 μm in (a). 

While for topical drug delivery in therapy skin disorders such as psoriasis, atopic 

dermatitis, actinic keratosis, and skin cancers,239 the applied drugs aim to reach the 

target shallow tissue of skin to offer localized therapy.240, 241 By adjusting the applied 

frequency from 23.6 kHz to 24 kHz, droplet’s generation induces weaker perturbation 

that allows the drug delivery depths within the skin around 130 μm, as shown in Fig. 
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4.15. This result reveals that our device system can achieve on-demand drug 

penetration depth control to fulfil topical or systemic delivery. 

 

Figure 4.15. Ex-vivo permeation of fluorescein sodium under different frequency 

modes. (a) Fluorescent cross-section images of acoustic at different frequency 𝑓ଶ. (b) 

Penetration depth comparison between control and acoustic group with different 

frequencies. 20 and 130 μm represents the penetration of the stratum corneum and 

epidermis respectively. ***: p < 0.001. Scale bar: 200 μm. 

The performance of ADAP device with two different drug molecules, i.e.,10 kDa and 

70 kDa FITC-dextran, were further tested. Image analysis using the fluorescent 

microscopy reveals a significantly larger diffusion area and higher fluorescence 

intensity in the acoustic group if compared to those of the control groups (Fig. 4.16). 

The results of relative intensities indicate that acoustic treatment has achieved 60.7-

folds and 31.2-folds improvement for 10 kDa and 70 kDa FITC-dextran, if compared 

with that of the control group, respectively (Fig. 4.17). Unlike most existing TDD 

methods, which facilitate penetration of small molecules but are unable/struggle with 

large-molecules, the ADAP method proved effective TDD for both 10 kDa and 70 kDa 

FITC-dextrans (highlighted by the red boxes in Fig. 4.16). Although the delivery 

efficiency for these large molecules remains lower than for small molecule like NaF 

(376 Da), these results suggest that further optimization of ADAP holds promising 

prospects for enabling efficient transdermal delivery of large-molecule therapeutics.  
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Figure 4.16. Fluorescent microscopy images of 10 kDa and 70 kD FITC-dextran 

between passive diffusion and acoustic group. Outermost layer of the epidermis 

(white dashed line), and fluorescence area (red line box)  Scale bar: 200 μm. 
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Figure 4.17. Relative fluorescence intensity comparison between control and 

acoustic group. (n = 3). ****: p < 0.0001.  

In brief, all the above results collectively demonstrate that the ADAP significantly 

enhances TDDs compared to control-passive diffusion, offering rapid and controlled 

transdermal delivery capabilities for both small and macro drug molecules. 

4.2.5 Transdermal Delivery of Glucose for Disease Treatment 

To demonstrate efficacy of the ADAP for disease therapy, an in-vivo transdermal 

glucose delivery experiment was conducted using the hypoglycemia mice model, 

which was induced by fasting mice for overnight (around 16 hours) until their average 

blood glucose level was dropped below 70 mg/dL.242 A 50% (w/w) glucose solution 

was then applied to the dorsum target skin, and the mice were treated for 5 minutes 

with either the ADAP method or with the passive diffusion control group. Blood glucose 

levels were measured before and after the treatment using a glucose meter (Fig. 4.18).  
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Figure 4.18. The flow chart describes the procedure for calculating and 

measuring blood glucose levels in mice. 

As shown in Fig. 4.19, the results show that in the acoustic group, mice blood glucose 

levels are increased significantly after 5-minute treatment, recovering from the 

hypoglycemic levels to the normal ones. In contrast, the control group (with passive 

diffusion only) does not exhibit a similar recovery, with the glucose levels still remained 

in the hypoglycemic range. 

 

Figure 4.19. Blood glucose level variation between control and acoustic before 

and after 5 minutes treatment. (n = 3). Red dashed line represents the threshold of 

hypoglycemia. NS: no significance. ****: p < 0.0001. 

We further obtained the blood glucose variations with the results listed in Table 4.1, 

which shows that the ADAP-treated mice experienced a 25.5 mg/dL greater rise in 

blood glucose level than the passive‐diffusion control groups. Given that the margin 
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between normal glycemia and life-threatening hypoglycemia can be as narrow as 30 

mg/dL,243 this rapid correction highlights ADAP’s promise for human hypoglycemia 

therapy. These findings demonstrate that the effective glucose administration can be 

achieved in just 5 minutes, thus underscoring the ADAP’s major advantages for acute 

disease therapy. These results clearly demand the rapid and effective ADAP 

treatments, which the most current acoustic methods could not achieve. 

Table 4.1. Glucose delivery dosage between control and acoustic group. 

Number 
Blood glucose level 

(mg/dL) 

Average blood 
glucose 

variation 
Blood 

volume (ml) 

Average 
delivery  

dosage (mg) 
Before After (mg/dL) 

Control 
No.1 

68.8 60.2 

-2.733 

1.322 

-0.036 
Control  

No.2 
65.4 64.8 1.292 

Control  
No.3 

65.4 66.4 1.400 

Acoustic 
No.4 

68.8 92.8 

22.733 

1.465 

0.316 
Acoustic 

No.5 
69.8 91.8 1.314 

Acoustic 
No.6 

68.4 90.6 1.387 

 

To assess the impact of ADAP on skin integrity, hematoxylin–eosin (H&E) staining 

was performed on skin sections from the control and ADAP-treated (acoustic) groups. 

As shown in Fig. 4.20, the acoustic group exhibits preserved tissue architecture 

comparable to the control, with a continuous epidermis and no visible epidermal 

detachment/clefting at the epidermis–dermis interface, nor obvious disruption of 

dermal structure at the imaging scale shown. These observations support that, under 

the tested operating conditions, ADAP does not produce detectable structural skin 

damage by routine H&E assessment, consistent with good biocompatibility. Taken 

together, these results indicate that ADAP is a rapid, non-invasive and effective 

approach for transdermal glucose delivery, with potential for patient-friendly 

management of acute hypoglycaemia. 
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Figure 4.20. Representative H&E-stained skin sections for untreated control and 

ADAP-treated (“Acoustic”) conditions. Insets show a magnified view of the 

epidermis–dermis interface from the boxed region. The conclusion of “no detectable 

skin damage” is based on preserved tissue architecture at the scale shown, 

specifically: (i) continuous surface/epidermal layer, and (ii) no visible epidermal 

detachment/clefting at the epidermis–dermis junction in the treated group compared 

with control. Scale bar: 100 μm. 

4.2.6 The Vision for Using ADAP for at-Home Treatment 

Based on the effective delivery, we propose to apply such the ADAP platform for 

home-based disease therapy, with a selected demonstration of severe hypoglycemia 

treatment (Fig. 4.21). For such conditions, patients are usually unconscious and are 

unable to eat or drink for improving their blood glucose levels, and urgently need 

professional first aid help (Fig. 4.21a). Herein our proposed ADAP system can non-

invasively normalize their blood glucose level from severe hypoglycemia to healthy 

blood glucose level within several minutes (Figs. 4.21b-c). This will undoubtedly 

increase the timeliness of salvage and further reduce the use of healthcare resources. 
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Figure 4.21. The vision for using ADAP or at-home treatment. (a) Typical 

symptoms for severe hypoglycemia patients. By using (b) system setup of ADAP, it 

can enable ultrafast transdermal delivery, which can restore blood glucose level to the 

(c) healthy condition. 

4.3 Conclusion 

In this study, we introduced a piezoelectric‐ transducer–driven ADAP device that 

transdermal delivers drugs rapidly, efficiently, and noninvasively. By tuning the input 

voltage, we modulated droplet ‐generation rate and ejection momentum thereby 

dynamically controlling the perturbation intensity at the skin surface. Ex-vivo validation 

with water‐soluble molecules showed that the ADAP treatment achieved significant 

delivery enhancements over passive diffusion of ~81.7-fold for NaF, ~60.7-fold for 10 

kDa FITC-dextran, and ~31.2-fold for 70 kDa FITC-dextran. Moreover, by adjusting 

the input voltage and actuation frequency, we were able to fine-tune TDD efficiency 

and penetration depth to meet diverse therapeutic needs. Finally, by performing in-

vivo testing in hypoglycemia mice models, the ADAP treatment restored blood glucose 

to normal levels within 5 minutes, without notable damage to skin integrity. Together, 

these results demonstrate that ADAP is a versatile and tuneable platform for 

personalized acute‐disease therapy. With further integration into a compact, all‐in‐

one device and thorough clinical validation, the ADAP has its great potential to 

transform acute disease management by providing a safe, effective, and user-friendly 

solution for home using. 
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4.4 Mechanism Interpretation: Evidence vs Inference, and 

Alternative Explanations.  

ADAP is proposed to enhance transdermal transport through interfacial droplet-impact 

dynamics: droplet generation and impact form an interfacial liquid film, impacts entrain 

air and create a transient bubble cloud at the skin surface, and subsequent oscillation 

of entrapped bubbles drives microstreaming and local mechanical stresses near the 

stratum corneum (SC), promoting deeper permeant penetration. In this chapter, 

droplet dynamics (ROI I), bubble-cloud formation (ROI II) and enhanced streaming 

(ROI III) were directly measured, and these changes coincide with increased 

penetration depth and fluorescence intensity for both NaF and FITC–dextran tracers. 

However, the precise microstructural changes within the SC layer responsible for the 

increased permeability (e.g., transient alteration of intercellular pathways or lipid 

organisation) are inferred from transport outcomes rather than directly resolved in this 

work. 

A key alternative explanation for acoustic-enhanced delivery is inertial cavitation. 

Under the tested ADAP conditions, inertial cavitation is unlikely to be the dominant 

mechanism in the bulk liquid: no measurable bulk temperature rise was observed 

during treatment, and a pitting-foil test showed no detectable pits under acoustic 

actuation. These observations are inconsistent with sustained inertial cavitation-driven 

erosion as the primary cause of enhanced permeation. Two further possibilities are 

that enhancement arises mainly from droplet impact impulse or from surface mixing 

(“stirring”) that thins the external mass-transfer boundary layer; these may contribute, 

but the available data most consistently support a bubble-oscillation/microstreaming-

driven interface perturbation. Table 4.2 summarises the alternative mechanisms 

considered and the experiments/observations that constrain them.  
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Table 4.2. Alternative mechanisms considered for ADAP-enhanced permeation 

and observations/experiments that constrain them. 

Alternative 

mechanism 

What would be 

expected if 

dominant 

Experiments/o

bservations in 

this chapter 

What this 

indicates 

Inertial cavitation–

driven enhancement 

Localised 

erosion/pitting; 

strong energy 

dissipation often 

accompanied by 

heating and 

mechanical 

damage 

Pitting foil: no 

detectable pits 

under ADAP 

actuation; 

Temperature: no 

measurable bulk 

temperature rise 

during treatment 

Unlikely to be the 

primary mechanism 

under the tested 

conditions 

Droplet impact impulse 

alone (impacts 

mechanically “punch” 

drug through) 

Enhancement 

depends only on 

droplet 

momentum/flux; 

bubble/streamin

g features not 

required 

High-speed 

imaging shows 

droplet output 

increases with 

voltage; impacts 

consistently 

generate an 

interfacial 

bubble cloud 

Impact is likely an 

enabler/trigger (film 

+ bubble formation) 

rather than a 

standalone 

mechanism; not 

fully isolated here 

Surface stirring 

thinning alone (mixing 

near surface increases 

uptake without barrier 

modulation) 

Mainly 

increases 

surface uptake 

with limited deep 

penetration; 

effect largely 

convective 

Cross-sectional 

imaging shows 

increased 

penetration 

depth, not only 

higher surface 

fluorescence 

Suggests 

enhancement 

involves more than 

external mixing 

alone, consistent 

with interface-

mediated 

perturbation (bubble 

oscillation/microstre

aming) 
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4.5 Limitations and Practical Considerations  

This chapter provides proof-of-concept evidence that ADAP can rapidly enhance ex-

vivo permeation for small and macromolecular tracers and can increase blood glucose 

in a hypoglycaemic mouse model within a short treatment window, while showing no 

detectable structural skin damage by routine H&E at the imaging scale presented. 

Nevertheless, the mechanistic interpretation remains partially inferential: the specific 

stratum corneum microstructural changes responsible for the increased permeability 

were not directly resolved, and additional barrier/function assays (e.g., SC layer 

recovery, molecular inflammation markers, ultrastructure imaging) would strengthen 

biocompatibility and mechanism claims. The current evaluation is limited to the tested 

operating window, model drug conditions, and mouse skin; translation will require 

systematic dose–response optimisation, assessment across different skin 

types/thicknesses and longer-term safety, and comparison against established 

transdermal enhancement methods under matched dosing conditions. 

4.6. Methods and Materials 

4.6.1 PZT Processing and Electromechanical Characterization 

The piezoelectric transducer lead zirconate titanate (PZT) unit used in ADAP device 

was fabricated by bonding a piezoelectric ceramic ring (600 μm thick) to a round steel 

disc (16 mm diameter, 50 μm thick). A micro-hole was created at the center of the 

steel disc using high-energy laser pulses, which burned through the metal layer in 

multiple cycles until perforation was achieved. To ensure smooth and clean edges, the 

processed metal was treated with acid washing followed by ultrasonic cleaning.244 The 

resulting micro-hole exhibited a conical structure with top and bottom widths of 130 

μm and 100 μm, respectively. Lead content and contamination considerations (PZT). 

The ADAP actuator uses a lead (Pb)–zirconate–titanate ceramic, which contains Pb 

and therefore warrants consideration of potential lead release/contamination. In this 

device, the PZT element is not in direct contact with the drug solution or skin: it is 

bonded to the steel disc and drives droplet ejection through the nozzle, so the 

treatment interface is defined by the droplets/liquid film rather than the ceramic itself. 

Accordingly, contamination would only be a concern if the PZT were exposed (e.g., 

cracking or delamination) and contacted the formulation. To mitigate this risk, the PZT 

was kept fully integrated within the actuator assembly, handled to avoid chipping, and 

inspected after use; any damaged units were discarded. For future translational 
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development, residual risk could be further reduced by adding an inert 

encapsulation/barrier layer over the PZT (or using lead-free piezo-electrics) and by 

performing leachate testing on post-actuation formulations to confirm negligible Pb 

release under operating conditions. 

The electromechanical properties of the PZT unit were characterized to optimize its 

performance. An impedance analyzer (E4990A, Keysight Technologies) was 

employed to measure the electrical impedance spectrum of the PZT across a 

frequency range of 0 to 200 kHz. The data revealed a resonant frequency at which the 

impedance reached its minimum, indicative of optimal operational conditions for the 

device. The specifications of the PZT and the working parameters are provided in 

Table 4.3.  

 

 Table 4.3. Detailed working conditions of ADAP device. 

 

 

Working 

conditions 

Frequency Wave mode Input 

voltage 

Treatm

ent 

time 

Drug loading 

volume 

Distance 

(PZT to 

skin) 

≈ 24 kHz Square 

(constant) 

150, 

200, 

250 Vpp 

5 

minute

s 

500 μL 8 mm 

 

PZT unit 

Thickness Diameter Micro-hole in metal layer 

Metal 

layer 

Piezoelectric 

ceramic  

Metal 

layer 

Piezoel

ectric 

cerami

c 

(hollow 

area) 

Top Bottom 

50 μm 600 μm 16 mm 12 mm 130 μm 100 μm 

 

4.6.2 Device Assembly and System Setup 

The ADAP device was assembled by encapsulating the piezoelectric transducer (PZT) 

unit between two acrylic layers, secured with three M4 screws. A waterproof seal was 
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placed between the PZT and the top acrylic encapsulation to eliminate air gaps and 

prevent liquid leakage. The encapsulated unit was mounted onto a metal holder and 

attached to a vertical stand with adjustable height, allowing precise control of the PZT’s 

position relative to the target surface (Fig. 4.22). The system setup involved 

connecting the PZT unit to a signal generator (123-6578, RS Pro), which produced the 

required RF signal. This signal was amplified using a high-voltage amplifier (HA-820A, 

Pintech), enabling precise control of the input voltage to the PZT. This configuration 

ensures efficient and reproducible generation of droplets while maintaining the 

structural integrity of the device during repeated use. 

 

Figure 4.22. Acoustic droplets activated permeation (ADAP) device. (a) 3D 

exploded view of the device. (b) Ⅰ: PZT real image and observation from Ⅱ: top view. 

Ⅲ: Schematic of the micro-hole from side view. (c) Real image of the ADAP device. 
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4.6.3 Finite Element Analysis (FEA) 

To investigate the acoustofluidic field at the PZT metal surface and its above fluid, 

finite element analysis (FEA) was conducted using COMSOL Multiphysics 6.0. The 

Piezoelectricity Multiphysics and Thermoviscous Acoustics Modules were employed 

for this study. The model geometry consisted of Lead Zirconate Titanate (PZT-5H) 

plate bonded with a 50 µm thick aluminum metal layer with a cone hole in the centre 

(top: 130 µm, bottom: 100 µm). To simply the calculation, a liquid cylinder (radius 6 

mm, height 3 mm) was place above the metal layer, where the liquid domain and its 

properties were defined as water. Initially, a frequency domain solution was performed 

to obtain the mechanical displacements of the metal layer and the acoustic pressure 

induced in the above liquid. These acoustic pressure values were subsequently 

employed in the stationary solver to solve for the acoustic pressure-induced liquid 

streamlines. The acoustofluidic model’s geometrical meshes in this study are 

displayed in Fig. 4.23.  

 

Figure 4.23. Geometric meshes in the COMSOL simulation. 

4.6.4 High-Speed Imaging 

The single PZT unit used in this study was held by a custom stand and filled with 500 

μL DI water onto the PZT’s top surface. A high-speed camera (SH6-109, SSZN) with 

an objective lens (4 times) was deposited focusing on a zone close to the PZT bottom 

surface and the underneath liquid top surface . A 150 W halogen fiber optic illumination 

source (MultiLED QX, Photo-Sonics International Ltd) was used to provide sufficient 
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illumination for high-frame-rate (27,400 fps) and low exposure time (16 µs) image 

capture. A millimetre scale was placed at the focal plane to calibrate the pixel size in 

the image for droplet size and velocity calculations. The experimental videos were 

recorded using a custom camera PCC software and exported to single frames for post-

analysis by ImageJ (National Institutes of Health). The total pixel area under analysis 

was kept constant at length: 1500 μm, and width: 1500 μm. For droplet diameter 

quantification, the video frames were visually inspected to select in-focus droplets, and 

the droplet’s horizontal width was measured as the droplet diameter. At each input 

voltage, 50 droplets were characterized. For droplet velocity characterization, single 

droplet was traced from entered and left the area (Fixed vertical length: 1500 μm). A 

trajectory was drawn and measured using the calibration scale between these points 

and the distance was divided by the number of frames and the duration of each frame 

(0.37 ms) to yield the velocity in m/s. And at each input voltage 50 droplets were 

measured. For the droplet numbers counting, droplets that fully passed the fixed length 

were manually counted during a sum stack of 20 frames, and at each input voltage 10 

repeats quantification were averaged. 

4.6.5 Analysis of Droplet Hitting Effects 

To analyse the droplets hitting caused air entrapment cloud, ROI Ⅱ was selected. A 

feature extraction script written in Python (Python 3.13 , Python Software Foundation) 

was used to capture air cloud’s physical area in each frame and the average cloud 

size were quantified from 400 consecutive frames at each input voltage. The fluid 

micro-streaming were traced using MATLAB image velocimetry tool (PIVlab, MATLAB) 

in ROI Ⅲ.245, 246 The average area velocity magnitude were calculated based on 200 

consecutive frames at each input voltage. 

4.6.6 Animals  

Female Bagg and Albino (BALB)/c nude mice (9~10 weeks) were purchased (BALB/c-

nu, Sbefu Biotechnology Co., Ltd.) and raised under specific pathogen-free conditions. 

All the animal experiments were approved by the Ethics Committee of Shanghai Skin 

Disease Hospital (No. 2024-83) and performed in accordance with the Guidelines for 

Care and Use of Laboratory Animals of Tongji University.  
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4.6.7 Ex-Vivo Transdermal Permeation Evaluation  

Ex-vivo transdermal permeation experiments were conducted using fresh mouse 

dorsum skin tissues to evaluate the effectiveness of the ADAP. Fluorescently labelled 

molecules, including fluorescein sodium (NaF, 376 Da, C.I. 45350, Sigma-Aldrich), 

and fluorescein isothiocyanate-labelled 10 kDa (FD10S, Sigma-Aldrich), and 70 kDa 

(90718, Sigma-Aldrich) FITC-dextran were used as model drugs. The concentrations 

of these molecules were 100 μg/mL for NaF and 1 mg/mL for both FITC-dextran 

variants. Skin tissues were excised from the BALB/c nude mice and divided into two 

groups, i.e., the acoustic treatment group and the control (passive diffusion) group. In 

the acoustic group, the ADAP was activated to apply droplets containing the 

fluorescent molecules onto the skin for 5 minutes. In the control group, fluorescent 

molecule solutions were applied passively to the skin without acoustic treatment. After 

treatment, the skin surfaces were thoroughly washed twice with the PBS to remove 

residual fluorescent molecules. 

Treated skin tissues were embedded in an optimal cutting temperature (OCT) 

compound (KMA-0100-00A, Cellpath), frozen at -20°C, and sectioned into 10 μm 

slices using a cryostat (CM1950, Leica). The tissue sections were mounted on glass 

slides for fluorescence imaging. For samples treated with FITC-dextran, the sections 

were additionally stained with Hoechst nucleic acid stain (62249, Thermo Fisher 

Scientific) for 5 minutes to visualize nuclei, followed by washing with PBS twice. 

Fluorescent images of the tissue sections were captured using an inverted 

fluorescence phase contrast microscope (Axio Vert.A1, Zeiss). In this study, the 

fluorescent images were analysed using the ImageJ software (National Institutes of 

Health). The fluorescence intensity was measured for each image by measuring the 

averaged normalized fluorescence (with the control group’s fluorescence intensity set 

as 1). The penetration depth of the NaF was measured in each tissue slice by 

measuring the averaged vertical distance between the outermost-layer of the 

epidermis (white dashed line) to the deepest fluorescence layer (red dashed line). 

4.6.8 In-Vivo Glucose Delivery for Hypoglycemia Therapy 

BALB/c nude hypoglycemia mice models were used to compare ADAP-enabled 

release and passive diffusion of glucose solution by measuring the mouse blood 

glucose level variation after 5 minutes of treatment. The hypoglycemia mice models 

were built via an overnight fasting of ~16 hours (i.e., no food only water feeding) until 
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mice had an average blood glucose level < 70 mg/dL.242 By scaling the weights of 

each mouse, the mouse's total blood volume can be calculated using the equation: 

Total blood volume = Standard blood volume per gram × Mice weight (4.2) 

In this study, 77 μL/g was used as the standard blood volume per gram,247, 248 and the 

corresponding mice’s total blood volume was calculated, with the results listed in Table 

S2 (Supplementary Information). The 50% (w/w) glucose solution was used for the 

hypoglycemia therapy experiments. To measure the blood glucose level, 1 μL blood 

samples were drawn from the tail vein of mice using the glucose meter 

(CONTOUR®CARE, CONTOUR) before and after treatment. The glucose delivery 

dosage was calculated based on the following equation: 

Glucose delivery dosage = Mice glucose level variation × Mice total blood volume (4.3) 

 

where the mice glucose level variation was calculated by using mice’s blood glucose 

level after treatment minus that before treatment. The delivery dosage data of each 

mice are listed in Table 4.4. 

Table 4.4. Mice weight and corresponding total blood volume. 

4.6.9 Biocompatibility Analysis 

To evaluate the impact of acoustic influence on the skin integrity,  tissue samples with 

acoustic treatment and passive diffusion (control) were excised and fixed in 4% 

paraformaldehyde (PFA) for 24 hours before histological processing. After fixing, skin 

samples were embedded with paraffin, processed by hematoxylin-eosin (HE) staining, 

and cut into cross-section slices with a thickness of 5 μm. Slides were then imaged 

using the slide scanner (Axioscan 7, ZEISS). 

Standard of total blood volume of mice: 77 μL/g 

Category Number Weight (g) Blood volume (mL) 

Control No.1 17.17 1.322 

No.2 16.78 1.292 

No.3 18.18 1.400 

Acoustic No.4 19.2 1.465 

No.5 17.07 1.314 

No.6 18.1 1.387 
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4.6.10 Statistical Analysis 

One-way ANOVA with Tukey (normally distributed) or Kruskal-Wallis tests (non-

normally distributed) were performed to evaluate the statistical significance of 

differences. *, **, ***, and **** indicate p < 0.05, 0.01, 0.001, and 0.0001 between the 

conditions, respectively, and NS indicates statistically no significant difference 

between the conditions. All statistical results were plotted using Origin (Origin 2024, 

OriginLab).  
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Chapter 5: Conclusion and Outlook 

5.1 Summary  

In this thesis, we have developed two acoustofluidic devices applied to manipulation 

at the cell and tissue levels for different biomedical applications. In chapter 3, we 

presented a SAW-based acoustofluidic device—MARC for cell rotation manipulation. 

Our cell-level targets are suspension cells, where traditional cytopathology detection 

through cell morphology quantifications is limited to 2D microscopy observation, that 

may cause missing diagnostic information. The MARC system enables in-situ cell 

rotation in a controllable, precise, and high-throughput manner for multi-view 

observations. Using MARC enhances cellular morphology analysis through 

comprehensive, multi-view/angle views and amplifies subtle cell differences, 

particularly in the nuclear-to-cytoplasmic ratio, across various cell types and between 

cancerous and normal tissue cells. We further propose prioritizing MARC-screened 

positive cases to streamline traditional cytopathology and reduce workload/resources 

spent on negative diagnoses—an advancement that enhances overall diagnostic 

efficiency and offers a transformative vision for cytopathological screening. After 

demonstrating successful cell-level manipulation, we moved to larger-scale 

manipulation to address biomedical questions at the tissue level. Our targets are skin 

tissues, where the SC layer has low permeability. Since tissues are composed of cells 

with intercellular connections, they cannot be manipulated like single cells. Therefore, 

in chapter 4, we developed a BAW-based acoustofluidic device—ADAP to indirectly 

manipulate (i.e., perturb) skin tissues. By dispensing microdroplets onto the skin 

surface, ADAP induces intensive perturbation that increases SC permeability. 

Adjusting input voltage and applied frequency allows precise control over perturbation 

intensity, achieving different transdermal delivery efficiencies and penetration depths 

for various therapeutic demands. Further tests with drug models of different molecular 

weights show that ADAP-enhanced permeability is significantly more effective than 

passive diffusion. Finally, in-vivo treatment of glucose in a hypoglycemic mouse model 

demonstrated ultrafast (5-minute) delivery for restoring blood glucose level in a 

completely non-invasive manner. 
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5.2 Future Work 

In this thesis, SAW-based and BAW-based acoustofluidic devices have been built to 

achieve manipulation from the cell level to the tissue level for applications in 

cytopathological screening and non-invasive transdermal drug delivery. However, 

these technologies only open the door for certain applications; there are additional 

promising opportunities that can be pursued. In the following, we discuss potential 

work that can build on this thesis. 

In Chapter 3, we developed MARC, which enables cells to pattern in two traces and 

rotate in-situ within the microchannel. This capability appears useful for boosting 

sperm motility, since sperm naturally swim forward via spiral motion. Using MARC, 

sperm cells will be forced to pattern in line and rotate, which may help them recover 

motility in line with their natural motion habits. In addition, cytomorphology parameter 

quantification in the current MARC system relies on ImageJ with manual selection, 

which is extremely labour-intensive for large cell populations. Therefore, in the future, 

the MARC device should be integrated with advanced AI imaging to achieve automatic 

morphology capture and quantification. In this way, we could introduce a flowing fluid 

to inject the sample liquid, enabling higher-throughput quantification and directly 

delivering a more accurate disease diagnosis report. 

In Chapter 4, we built the ADAP device, which achieves effective and non-invasive 

transdermal drug delivery. Traditional transdermal delivery methods are either 

invasive or cause a temperature increase on the skin; therefore, they are not suitable 

for sensitive-skin users. By contrast, the ADAP method is not only non-invasive but 

also does not generate heat, making it promising for delivering beauty products or 

drugs to sensitive skin. Furthermore, since ADAP shows better delivery efficiency for 

small drugs than for large drugs, it can be further integrated with microneedles to form 

a versatile transdermal delivery platform—using ADAP alone for small molecules and 

combining ADAP with microneedles for large molecules. 

Beyond these potential applications, we note two common issues in acoustofluidic 

devices: (1) The operating system consists of many individual components—typically 

a signal generator, an amplifier, the acoustic actuator, and a sample container—which 

is inconvenient for ease of use and hinders full commercialization. (2) There is a lack 

of standardized protocols to ensure consistent and reproducible performance across 
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laboratories, meaning that only experienced operators can run the systems and 

troubleshoot issues. In the future, we will aim to integrate the components into an all-

in-one device and establish clear, simple protocols so that anyone can easily operate 

our acoustofluidic devices to aid their research. 
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