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 14 

Abstract 15 

Using acoustofluidic channels formed by capillary bridges two models are developed to 16 

describe nodes formed from leaky and evanescent waves. The capillary bridge, formed 17 

between a microscope slide (waveguide) and a strip of polystyrene film (fluid guide) 18 

excludes solid-sidewall interactions in the channel. With this simplification, our experimental 19 

and numerical study showed that waves emitted from a single plane surface, interfere and 20 

form the nodes without any resonance in the fluid.  Both models pay particular attention to 21 

the elements of the tensors normal to the solid-liquid interfaces, they find that the nodes form 22 

initially in the solid and then, antinodes in the stress emit waves into the fluid, replicating the 23 

mailto:JeremyJHawkes@AcousticMachines.co.uk
mailto:Richard.fu@northumbria.ac.uk


2 
 

pattern. In fluids with depths near half an acoustic wavelength most nodes are formed by 24 

leaky waves. In the glass, normal stress tensors reveal that water-loading reduces node-node 25 

separation and forms an overlay type waveguide which aligns the nodes predominantly along 26 

the channel. One new practical insight is that node separation can be controlled by water 27 

depth. In 0.2 mm deep channels (which are smaller than a ¼ wavelength) nodes from 28 

evanescent waves were realized.  Here a suspension of yeast cells formed a pattern of small 29 

dot-like clumps of cells on the surface of the polystyrene film. We found the same pattern in 30 

the normal component of sound intensity in water near the polystyrene. The capillary bridge 31 

channel developed for this study is simple, low-cost, and could be developed for filtration, 32 

separation, or patterning of biological species in rapid immuno-sensing applications. 33 

 34 

Key words 35 

Capillary Bridge, Node, Non-resonant, Mass-loading, Acoustofluidics, Waveguide.  36 

1. Introduction  37 

1.1 Nodes in Acoustofluidics 38 

For acoustofluidic applications, it is critical to control the node locations. Various methods 39 

have been developed for defining the node positions in resonant channels [1-3]. However, in 40 

soft-walled acoustofluidic channels, nodes are often formed without a resonance in the fluid 41 

[4-7] and at present there are no general models to describe their node positions in the fluid or 42 

substrate [8-9]. This paper introduces two Node Theory Models (NTMs) to describe such 43 

node formations in a non-resonant fluid (shown in Fig. 1). NTM-1 applies to leaky waves and 44 

introduces the concept of fluid pressure nodes aligned with nodes of y–component stress, y 45 

in the solid. These stress nodes are controlled by mass-loading [10-11]. NTM-2 applies to 46 



3 
 

evanescent waves and nodes formed on a surface driven by a fluid. A capillary bridge was 47 

used to form an acoustofluidic channel, (Fig. 1a) which has water-air sidewalls. This 48 

simplified our analysis of node formation by removing the sound paths and mass interactions 49 

contributed by solid sidewalls. Since the polymers used for soft-walled channels absorb 50 

sound their walls also do not provide sound paths from the substrate to the top of the channel. 51 

Due to this similarity between no-wall and soft-wall channels, insights into node creation 52 

gained in capillary bridge channels may be transferable to soft-walled channels. 53 

In fluids, acoustic nodes create primary force fields that move suspended particles, droplets 54 

and bubbles to form visible patterns of lines, arrays and clumps. These patterns are physical 55 

representations of the acoustic nodes although the visualisation method is often disturbed by 56 

the temporal changes and additional patterns produced by acoustic streaming. As we learn to 57 

control these node patterns, acoustofluidics is becoming a new contact-free tool for life 58 

sciences to handle biological specimens in microfluidic systems for cancer research [12-14], 59 

immunology [15-16] and tissue engineering [17-18]. This paper is focused on further 60 

identifying the node locations as this is where the primary acoustic radiation force acts on the 61 

suspended objects. The force has been described by many authors [19-24] (notably Gor’kov 62 

[25]). Most biological cells and solid particles in an aqueous suspension move towards 63 

pressure nodes. We have used yeast cells and a sound frequency of 1 MHz. According to 64 

Barnkob’s calculation method [26], at this frequency the radiation forces is dominant over 65 

acoustic streaming for cells with a diameter exceeding 2 µm. As yeast cells (diameter ~5 µm) 66 

are used in this study, our analysis will be focused on the radiation force.  67 

1.2 Node creation in non resonant leaky wave acoustofluidic channels 68 

In many multi-wavelength chambers [27-29] and some half-wavelength chambers [2, 30-32]. 69 

a resonance is formed in the fluid between incident and reflecting surfaces to form a nodal 70 

plane. In these channels the nodal plane is several wavelengths wide. This incident and 71 
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reflector design is now mostly superseded by systems where the nodes form at right angles to 72 

the incident plate, since this is a more convenient viewing angle. Initially hard walls [33-36] 73 

were used, however, today many systems use soft more easily formed walls, made from 74 

polydimethylsiloxane (PDMS) [7, 37], poly(methyl methacrylate) (PMMA) [38] or SU-8 75 

photoresist [39-40]. These soft walls absorb sound and are poor sound reflectors which 76 

quickly led to the realisation that sound reflections from the walls are too weak to form a 77 

resonance in the fluid [37, 41], although reflections at the polymer-air interfaces may occur in 78 

some systems [42]. Nonetheless nodes do form and single nodes have been formed in 79 

channels only one tenth of a wavelength wide [43]. Nodes formed by resonances in fluids are 80 

always separated by half a wavelength of sound in the bulk fluid. However in these soft-81 

walled channels, the distance between nodes either is the same as the half wavelength of 82 

sound in the solid substrate [44-45] or lies between the half wavelengths of sound in the bulk 83 

fluid and the solid substrate [5, 37, 46-47]. We are not aware of any previous explanation for 84 

this variation in node separation.  85 

The low height of many acoustofluidic channels prevents them from acting as waveguides. 86 

This is a further obstacle to forming a resonance in the fluid since sound must pass multiple 87 

times between the side-walls to form a resonance.  The cut-off dimension for wave 88 

propagation in a fluid is in the region of half a wavelength, this was calculated and shown 89 

experimentally in reference [48] where at 1 MHz the minimum cut-off diameter for 90 

axisymmetric acoustic propagation in a cylindrical water jet is 1.1 mm. Experiments in 91 

microchannels have also shown [49] that, significant wave attenuation occurs in channels less 92 

than a half wavelength high. Therefore even walls presenting a large impedance change at the 93 

edge of the fluid require nodal planes greater than half a wavelength high for the sound to 94 

propagate and form a resonance in the fluid. In channels with smaller nodal planes the nodes 95 

must be formed without a resonance in the fluid. This paper proposes a model, NTM-1, 96 
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which describes how nodes can be formed in these non-resonant fluids. The model also 97 

shows that the various node separations could be the result of differences in the fluid depth 98 

used. 99 

1.3 Node creation in non resonant evanescent wave acoustofluidic channels 100 

Some of our experiments show small dots on the polystyrene surface. A second model NTM-101 

2 identifies these dots as nodes formed by evanescent waves (see Appendix G and Fig. D.1). 102 

Although not widely used in acoustofluidics evanescent waves are described as very 103 

promising because the acoustic wave energy does not leak away [50] and they attract 104 

particles to surfaces [16]. Evanescent waves have been produced in a variety of systems [16, 105 

50-53]  all of which fulfil the requirement of a lower wave velocity in the solid than the fluid. 106 

The low wave velocity in the solid is generally achieved by using very thin walls. The walls 107 

are driven with vibrations either directly [50-51, 54-55] or with waves transferred through a 108 

liquid capillary bridge [16]. Good discussions of evanescent waves are given in Refs. [50] 109 

and [56]. The evanescent waves in our system are described by our model, NTM-2 which is 110 

shown in Fig. 1c. The evanescent waves are formed by the transfer of sound through the 111 

capillary bridge fluid and confirmed by simulations of the normal sound intensity component. 112 

1.4 The acoustofluidic capillary bridge 113 

Capillary bridges are formed by fluids which span gaps between solid, liquid or gas surfaces 114 

[57], and are stabilised by surface tension (size limitation are given in Appendix A). They are 115 

common features in the natural environment where they provide adhesion for sandcastles 116 

[58], allow insects to climb smooth surfaces [59], and provide a feeding mechanism for 117 

shorebirds [60]. Although surface tension is a stable and powerful force from a macro-world 118 

perspective, it often gets overlooked, even for the development of microfluidic systems (See 119 

Appendix B). In this study, the capillary bridge is formed between a microscope slide and a 120 
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thin polystyrene sheet (which acted as the fluid-guide and could be cut into any shape chosen 121 

for the channel, see Fig. 1a).  122 

Acoustics was first combined with capillary bridges by Marston et al. [61-62], to actively 123 

suppress instabilities. The combination was later used by Wood et al. [44-45] to form arrays 124 

in open sided chambers and similar methods were used by Hawkes [16]. There has been more 125 

explorations of capillary bridges in non-acoustic microfluidics, often with flowing systems 126 

[63-65]. The liquids are stabilised by being pinned either to a surface [65-67] or to threads 127 

which act as the fluid guides [68]. The free walls are formed from either air [63-64, 66, 68] or 128 

an immiscible fluid [66-67, 69-71].  In our system, the two free liquid surfaces are in contact 129 

with air as shown in Fig. 1. A discussion of our capillary bridge is presented in the Appendix 130 

B. 131 

1.5 Sound delivery 132 

The delivery of the sound from the PZT through the edge of the microscope slide as shown in 133 

Fig. 1a is another unusual feature of our platform. A thin layer of water or an ultrasonic gel 134 

was added creating a wet junction which is a reliable acoustic connection [72-74]. An 135 

acoustic edge connection method has previously been described [75] with two PZTs glued at 136 

right angles to a glass plate. We do not use glue, to avoid its energy loss and damping effects. 137 

The water junction avoids progressive changes with use and facilitates slide removal and 138 

system adaptations.  139 

2 The physical node formation models 140 

2.1 Current models of node formation with leaky waves 141 

We summarise the current descriptions of node formation in the bulk fluid of soft-walled 142 

channels with the following five explanations i) The nodes are not produced by a resonance 143 

in the fluid [7, 37]. ii) Waves emitted from the solid substrate interfere to form the nodes 144 

[37]. iii) The node separation is governed by the acoustic wavelength of the substrate [5, 37, 145 
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46-47]. iv) Waves leaking from a solid substrate are refracted (Snell’s law). A standing wave 146 

in a solid leaks two waves at opposing angles into the fluid. They interfere to form the nodes 147 

(see Appendix C, Fig. C.1b and G) [7, 41, 76-78]. v) A travelling wave in the solid substrate 148 

will form similar node patterns from the interference of curved (diffracted) and planar (direct) 149 

waves when they pass the channel edge [5].  150 

Our model for capillary bridge channels (NTM-1 and Fig. 1b) incorporates many of these 151 

observations and mechanisms and extends ii - iv to include node separation and alignment 152 

produced by the effects of mass-loading. It identifies stress antinodes as the sound emission 153 

points and this allows the location of nodes to be found in the fluid. A waveguide is predicted 154 

in the substrate, and the fluid is found to not act as waveguide. This contrasts with the model 155 

based on diffraction from the channel edges (v) described by Devendran et al. [5], where 156 

fluid acts as waveguide and no standing wave forms in the substrate.  157 

2.2 Node Theory Model NTM-1: Nodes formed with leaky waves 158 

This node forming mechanism is seen in channels with a fluid depth near to half the acoustic 159 

wavelength. 160 

The following steps are shown schematically in Fig. 1b. 161 

In the glass at a normal (y) to the water glass interface: 162 

(1) The water-loading adds mass to the glass [10]. In acoustic terms there is an increase in 163 

glass density in the local region normal to the water contact. 164 

(2) The added mass increases stress (y) and decreases the wavelength in the glass, which 165 

reduces the distance between y nodes (Appendices D and F).   166 

(3) All boundaries initiate the alignment of the acoustic nodes and therefore alignment occurs 167 

at the edge of the added mass regions. Some wave order spreads across the whole plate from 168 

each boundary. In the narrow regions such as the mass-loading normal to capillary channels, 169 

geometric options are limited and most nodes are aligned to follow the channel. 170 
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 171 

In the capillary bridge fluid: 172 

(4)  Acoustic antinodes in the glass (maximum y component) act as sound sources which 173 

emit pressure waves into the water. Linear antinodes produce cylindrical wavefronts in the 174 

fluid.  175 

(5) The pressure waves form an interference pattern (Appendix C) which has nodes that make 176 

contact with the glass where the stress y component nodes reach the glass surface. The 177 

interference pattern is similar to Young’s fringes in the Double-Slit Experiment except here 178 

each emitter is 180o out of phase with its neighbours. 179 

(6) Acoustic radiation attracts yeast cells to the pressure nodes. 180 

 181 

 Fig. 1 Schematics, view from below 

of the system and the acoustic 

processes. (a) Capillary bridge formed 

between a glass microscope slide and 

the fluid guide. Small pressure points 

(green rectangles) press the slide 

against the lead zirconate titanate 

piezoelectric transducer (PZT). A 

support frame (not shown) connects 

the inlet and outlet holes to tubing 

connectors. (b) Physical model 

(exploded view of central section) for 

channels with fluid depths near to half 

a wavelength. Descriptions of the 
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numbered steps are given in NTM-1. (c) Physical model (exploded view of central section) 

for channels with fluid depths much less than half a wavelength. Nodes are formed by 

evanescent waves as described in NTM-2. Green arrows on the expanded view indicate 

evanescent wave energy entering the water and returning to the polystyrene. 

2.3 Node theory model NTM-2: Nodes formed with Evanescent waves. 182 

This node forming mechanism is seen in channels with a fluid depth much less than half the 183 

acoustic wavelength, and is shown schematically in Fig. 1c.  184 

(1) Vibrations from the water produce a wave in the polystyrene sheet.  185 

(2) The wave velocity in the polystyrene sheet is lower than in the water (Appendix Fig. D.1). 186 

3) Evanescent waves are formed, because the higher velocity lateral displacements in the 187 

fluid cancel adjacent propagation (leakage) of waves with opposing phase and displacements 188 

return to the solid [56] (see Appendix G). 189 

(4) Interference of evanescent waves forms pattern of nodes on the polystyrene sheet surface.  190 

(5) Acoustic radiation attracts yeast cells to the pressure nodes on the surface. (The force may 191 

be a second order term [51]).  192 

 193 

3 Methods 194 

3.1 Experimental details 195 

Capillary bridge and frame. The liquid capillary bridge channels (Fig. 1a) were formed 196 

between a glass microscope slide (i.e., the wave guide) and a thin polystyrene film (i.e., the 197 

fluid guide). The fluid guide was cut to form the shape of the channel and surface tension 198 

prevented the liquid spreading beyond its edges. A 0.05 mm polystyrene film (Goodfellow) 199 

was used for the fluid guide. Using an approach similar to Xurography technology [79-80] 200 

the polystyrene was cut to the required shape with a plotter cutter (Brother ScanNCut 201 

CM900). Corners of the guide were given a minimum radius of 1 mm because sharper 202 
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corners cause liquid to form pools and leak away [63]. In this study, three different liquid 203 

guides were made. (1) A single straight channel (3 mm wide x 40 mm long). (2) A single 204 

straight channel (10 mm wide x 20 mm long). (3) two straight channels in a 30o “V” shape 205 

(each 3 mm wide x ~40 mm long). The fluid guide film was kept flat and parallel to the glass 206 

wave guide over the whole area. To hold the film and stretch it tightly, the film was made 207 

longer than the channel and passed through interlocking corrugated grips 10 mm beyond the 208 

working area.  209 

The microscope slide (25 x 76 x 1 mm) was pushed against a PZT plate using a spring clip. A 210 

drop of water added to the PZT-glass junction produced a wet junction. A sound frequency of 211 

1 MHz was used for all the experiments. To ensure the PZT and microscope slide were free 212 

to vibrate but not held loosely, minimal supports were formed from 1  1 mm columns which 213 

were 3D printed (Creality Ender 3). With this grip method, the microscope slide can be 214 

considered to be a vibrating-plate, simply-supported along the edges by the PZT and the 215 

clamp [10]. Two main channel depths of 0.2 and 0.75 mm were used in this study. These 216 

depths (i.e., the distances between the glass wave guide and the polystyrene fluid guide) were 217 

set by the length of the columns supporting the microscope slide. For the depths used in Figs. 218 

5 and 6, plastic sheets of the required thicknesses were cut to form spacers. Apart from the 219 

microscope slide, the PZT, the polystyrene film, screws and a spring, all the other chamber 220 

components were made using a 3D printer. 221 

The bridge was filled by pumping fluid through inlet holes in the fluid guide (see Fig. 1a). 222 

After filling, the shape of the side meniscus was adjusted to be near vertical using a pipette or 223 

the pump. Evaporation was not controlled since there is less than 50 % fluid loss after 30 224 

minutes with the sound on. A similar evaporation rate has been measured in levitated droplets 225 

which lose 50 % of their volume in 5 minutes from 1.4 mm diameter droplets [81].  226 
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Sample preparation. Dried yeast (S. cerevisiae, Allinson, Peterborough, UK) was added to 227 

deionised water and mixed after 10 minutes. The cell concentration was adjusted by diluting 228 

with water to approximately 3 × 107 ml-1. The diameter of these reconstituted cells was ~5 229 

µm [82]. 230 

Ultrasound generation. Ultrasound was produced using a 25 mm diameter × 2 mm thick PZT 231 

with a nominal operating frequency of 1 MHz. It had a full front electrode and a 12.5 mm 232 

diameter back electrode. Electrical contacts were made through M4 spring ball grub screws. 233 

A function generator (Agilent 33220A) was used to produce the signal which was amplified 234 

with an ENI 240L amplifier.  235 

 236 

3.2 Numerical modelling details  237 

Numerical simulations were performed using the commercial software package COMSOL 238 

Multiphysics (5.6). The geometry was defined as a three-dimensional model of the ultrasonic 239 

device including the PZT disk, wet junction (a 50 µm layer of water between the PZT and 240 

glass slide), microscope slide, fluid and polystyrene film, with one to one scale. 241 

Discretization of the computational domain was performed using ~55000 elements, including 242 

hexahedron elements for the cover glass, fluid and fluid guide parts and tetrahedron and 243 

pyramid elements for the PZT disk. A mesh dependency analysis was performed to verify 244 

that the computational grid is fine enough not to influence the results. 245 

To simulate this multi-physics system including the piezoelectric effects, the solid mechanics 246 

and the acoustic fields in the fluid, different modules were used. To model the piezoelectric 247 

effects, Maxwell’s equations were solved for the PZT disk with known values for voltages as 248 

the boundary conditions. All the solid parts (including the glass slide, the fluid guide and the 249 

PZT disk were modelled using Hooke’s law as the governing equation with proper boundary 250 

conditions of free, fixed and roller constraints on each of the corresponding solid surfaces and 251 
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the results such as displacements, stresses velocities and accelerations were computed. For 252 

the fluids, the acoustic pressure, intensity, acceleration and velocity were obtained by solving 253 

the Helmholtz equation with impedance and radiation boundary conditions for the 254 

corresponding properties. We used the finite element method (FEM) to discretize the 255 

governing equations and the multifrontal massively parallel sparse (MUMPS) direct solver 256 

was used to solve the governing equations of the system, both of which are integrated in 257 

COMSOL software [83-85]. 258 

To predict the behaviour of the whole three-dimensional system, it is important to correctly 259 

model what happens at the fluid-solid interfaces, where the structural acceleration of the solid 260 

walls acts on the fluid and the acoustic pressure field inside the fluid causes a load on the 261 

solid walls. In our acoustofluidic system, the ultrasound causes movement of the solid wall, 262 

which in turn causes the propagation of sound waves into the fluid. In this case, a two-way 263 

coupling between the fluid channel and the solid walls was used to realistically simulate the 264 

system which includes the structural acceleration as experienced by the fluid and the fluid 265 

load on the solid walls [83-85]. 266 

4  Results and discussion 267 

4.1  Particle patterns formed within the capillary bridge  268 

After the ultrasound is turned on, the suspended yeast cells within the capillary bridge start 269 

forming clumps or lines which are clearly visible within one second (Fig. 2 a and b). The 270 

patterns usually first become visible in the region normal to the PZT contact, then spread 271 

along most of the 40 mm channel over a period of 1 - 10 s, they then remain stable for more 272 

than 30 minutes. All of the photographs shown here were taken 30 - 180 s after the sound was 273 

turned on. There was no pumped flow in any of the pictures and therefore patterns represent 274 

the acoustic action. 275 
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In the 3 mm wide × 0.75 mm deep bridge, the yeast cells form three lines stretching along the 276 

length of the channel at most frequencies near 1 MHz (Fig. 2a). Superimposed on this major 277 

three line pattern, there are two minor patterns these are; short disorder regions without the 278 

lines that occur at regular intervals and, a sinusoidal displacement of the lines. A slow 279 

frequency sweep changed the minor pattern locations (at intervals of approximately 10 kHz) 280 

but at most frequencies the three lines remained present. At larger frequency intervals 281 

(approximately 100 kHz), these three lines were replaced by random patterns for a few kHz 282 

such as the disrupted honey-comb pattern as shown in Fig. 2b. This paper investigates the 283 

origin of the three lines and not the disrupted honey comb pattern or the sinusoidal pattern. 284 

A fourth line is expected when the frequency is increased by approximately 1/3 and a fifth 285 

line with a further frequency increase of 1/4 and so on. This has been confirmed at 286 

frequencies where the PZT is resonant and able to supply sound to the system. Observations 287 

are simplified for this paper by only using frequencies near 1 MHz where the PZT output is 288 

large. The retention of the three lines across a wide frequency range indicates that the lines 289 

are not produced by a resonance in the fluid. 290 
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 291 

Fig. 2 Top view sections of slide and 0.75 mm deep × 3 mm wide capillary bridge. (a) 1.035 

MHz, 150 mV signal to the amplifier, 3 lines of yeast clumps appear as white, inside the two 

water-air boundaries, also white. (b) A small frequency change to 1.02 MHz produces a 

complex pattern of yeast lines. Simulation results of (c) Pressure in the water, 0.375 mm from 

the microscope slide. (d) Pressure in the water at a frequency which produces a similar 

pattern to (b). (e) Glass slide, central section, y in the glass at 0.25 mm from the glass-water 

interface. Y-Y’ section is plotted in f and g. (In (f) the red-blue discontinuities at the y–

pressure interface is a misleading effect produced by no direction component in pressure 

(water). There is no discontinuity in a plot of Acceleration y in the water, not shown here.)  

(h) Intensity (Iy) in the water, mid-plane, and (i) y of polystyrene near air.  

 292 
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The yeast cell suspensions in Fig. 2a and the simulations of pressure in the water in Fig. 2c 293 

show similar patterns. The main feature is three lines which are seen as either lines of yeast 294 

cells in the experiment or pressure nodes in the simulation. The experiment and simulation 295 

also poses the same minor features of disordered regions at regular intervals and sinusoidal 296 

deviations along the channel’s length direction. Computational simulations are clearly good 297 

representations of the experimental results and for this paper they will be treated as valid 298 

representations of the experimental system. 299 

Fig. 2f shows node continuity between the stress normal to the glass-water interface 300 

(indicated by stress y) and pressure in the water. Plots of other stress components or non-301 

directional metrics such as pressure (not shown) have either no continuity or, less continuity 302 

with pressure nodes in the water. One result of this continuity of the node line is that the 303 

node-node separation distance is the same on either side of the high-low sound velocity 304 

interface. The equal node separation extends at least 0.25 mm from the interface (this can 305 

also be seen in Fig. 2 (c and e)). Further into the glass, the nodes become slanted (Fig. 2 (f 306 

and g)) as their separation reduces towards the glass-water interface from the usual half 307 

wavelength separation of anti-symmetric (A0) waves in glass (the A0 wavelength is 308 

calculated in Section 4.4: An analytical calculation for water loaded glass). 309 

   310 

This reduced node separation observed in the glass is described in NTM-1, Fig. 1b (steps 1 311 

and 2) and Appendix F as the product of an effective mass increase in the glass caused by the 312 

water-load [10]. This reduces the velocity (also wavelength and node separation) of sound in 313 

the glass. The added mass-loading acts in the normal direction (y) and therefore the reduction 314 

in wavelength is seen in the stress component y. We need to note that the average distance 315 

between the three lines of yeast cells or nodes is near to 0.75 mm. This distance is the half 316 

wavelength of 1 MHz sound in water. Therefore this node separation can lead to the incorrect 317 
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assumption that there is a resonance in the fluid. Our further results show that a resonance in 318 

the fluid is unlikely to be present.  319 

In addition to the node separation reaching a minimum at the water-glass interface, Fig. 2 (e 320 

and f), the stress y in the glass is much higher in the region of the glass-water interface than 321 

in the surrounding glass. A small increase in stress is expected as a direct result of the mass-322 

loading, we suggest that a larger increase comes from wave trapping (or wave-guiding). The 323 

water layer has produced a flat overlay type waveguide [86-87]. In this waveguide 324 

mechanism, at the interface between the low velocity glass (water-loaded) and the high 325 

velocity glass (unloaded), sound waves can pass from the high to low velocity regions but 326 

they are reflected when travelling from the low to high velocity regions. This evanescent 327 

effect (evanescent waves are described in Appendix G) traps the sound, producing a high 328 

amplitude in the water-loaded regions of the glass. 329 

In the fluid, nodes form normal to the glass surface where sound waves interfere; this is 330 

described in NTM-1 (step 4) and is shown in Appendix Fig. C.1d. The waves are emitted 331 

from the glass surface at antinodes of the stress y. The glass y to water pressure, node 332 

continuity (Fig. 2f) occurs because adjacent antinodes in the glass are 180o out of phase 333 

(NTM-1 step 5). This mechanism extends the nodes formed by resonances in the loaded glass 334 

into the water. It should be noted that this alignment is different to Young’s fringes in the 335 

double slit experiment where the sources are in phase and the nodes are displaced by half a 336 

wavelength. In our capillary bridge system, the waves are emitted into the water by near 337 

linear y antinodes in the glass, therefore the waves in the water form concentric cylindrical 338 

wave fronts NTM-1 (step 4). These cylindrical waves produce vertical planar interference 339 

nodes and when viewed from above, the planar nodes appear as the three parallel lines seen 340 

in Fig. 2 (a and c). 341 
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A meniscus produced in the experiments prevented the formation of precisely vertical liquid 342 

walls. To investigate the effect of a curved wall a large (0.75 mm wide) meniscus was 343 

included in the simulation (Fig. 3 (a and b)). The presence of the meniscus did not prevent the 344 

nodes forming. Their patterns remain qualitatively similar to those from the simulations 345 

without the meniscus, and nodes remained aligned along the water-air interface. Curved walls 346 

would prevent a good wall-to-wall resonance and since the curves have very little effect on 347 

the observed nodes, the resonance does not appear to be present. The result therefore further 348 

supports the NTM-1 model of interfering waves 349 

emitted from a single flat surface, which would 350 

not be affected by the meniscus.  351 

Fig. 3 Simulations with meniscus present on 

both sides of the 0.75 mm deep × 3 mm wide 

capillary bridge (a) Water pressure near glass, 

(b) y in the glass at 0.25 mm from the water 

interface. 

4.2 Wave direction with an angle between the 352 

channel and the PZT  353 

To determine if it is the edge of the capillary bridge 354 

or the PZT orientation that governs the node line 355 

direction; two channels were placed at +15o and -356 

15o angles to the PZT plate as shown in Fig. 4. 357 

Results showed that the lines of yeast cells in the 358 

experiment and the nodes in the simulation are both 359 

aligned with the edge of the water and not the face 360 



18 
 

of the PZT or the edges of the microscope slide (Fig. 4 (a, b and c)). This alignment (or wave 361 

steering) to the orientation of the channel is seen to a small extent across the entire slide (Fig. 362 

4c) but is most pronounced within the channel boundary. The mechanism responsible for the 363 

node alignment in NTM-1 is the interface between low and high velocity regions of the glass 364 

produced by the water mass. Channels have two interfaces and this further increases node 365 

alignment.  366 

Fig. 4 Channels placed at angles to the PZT. Capillary bridge channels, 3 mm wide x 

0.75 mm deep, 1.03 MHz. (a) Bands of yeast formed at 140 mV in two channels on one 

microscope slide, (b) Pressure nodes form in the water, (c) y (out of plane stress) on the 

surface of the glass. 

 367 

4.3 Effect of water depth on node separation  368 

Experiments up to this point with the 0.75 mm deep channel have all shown the same node 369 

separation (NS) at the glass-water interface. The next experiments explore NS when the 370 

water-load is changed by changing water depth. Three different sources were used to measure 371 

NS: yeast lines, nodes lines of y in the glass and nodes lines of pressure in the water. 372 
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 373 

Fig. 5  10 mm wide capillary bridge. Yeast patterning experiments paired with simulation 374 

cross sections (showing central section of the 25 mm wide side). The node line positions are 375 

indicated with coloured dashes. a and b) 0.96 mm water depth, number of node lines NNL 12,  376 

 (NS × 2) 1.7 mm. c and d) 0.13 mm water depth, NNL 12,    2.5 mm. Cross sections show  377 

y in the glass and pressure in the water. (The red-blue discontinuities at the y–pressure 378 

interface is a misleading effect produced by no direction component in pressure (water). 379 

There is no discontinuity in a plot of Acceleration y in the water, not shown here). 380 

NS measurements were obtained from the channel width (CW) divided by the number of 381 

node lines NNL, NS = CW / NNL (mm). To reduce the influence of channel width on the 382 

number of node lines (which increase in integer steps), a wide channel is needed. However, 383 

parallel nodes form less frequently as channel width increases. A 10 mm wide channel was 384 

selected as a compromise between a wide channel and a reliable production of parallel nodes. 385 

Channels were constructed at three different water depths of 0.13, 0.40 and 0.96 mm for the 386 

physical experiments. Seven water depths of 0, 0.13, 0.20, 0.50, 0.75, 0.96 and 1.00 mm were 387 

chosen for the simulations. Fig. 5 compares two depth using two pairs of experimental and 388 

simulation results. There is a clear reduction in the node separation as the water depth 389 
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increases. The measured NS values are 0.85 mm at a water depth of 0.96 mm deep water and 390 

1.25 mm with 0.13 mm deep water. Based on the NTM-1 and Appendix Fig. C.1d, nodes are 391 

produced by a standing wave in the glass with a wavelength of 2 × NS. Therefore Fig. 6 is 392 

able to combine data points from experiments and simulations of both the 10 and the 3 mm 393 

wide bridges, all given as wavelengths. The data points are widely scattered but show a 394 

decrease in wavelength with increasing water depth. 395 

Measurement difficulties account for most of the data scatter in Fig. 6. For example for the 396 

0.13 mm water layer (Fig. 5c), a line count is difficult to do due to the existence of 397 

evanescent waves (see section 4.6) which divides each node lines into two lines in the central 398 

region of the picture. Here NNL was obtained from the side section, as indicated. Future 399 

experiments may be able to achieve better accuracy by changing the liquid and wave guide 400 

materials or dimensions.  401 

 402 

Fig. 6 Water depth effects on wavelength, 

near 1 MHz. (Measured from pictures. For 

the experiments and simulations 

wavelength = NS × 2).  The graph contains 

data points obtained from experimental and 

simulation sources (including results in 

Figs 2, 5 and 7).  The analytical glass 

resonance curve is calculated from Eq. 1 

with water-loading. The wavelength in 

resonant water is included for comparison. 

4.4 An analytical calculation for water-loaded glass 403 
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The curve in Fig. 6 presents the analytical calculations of the wavelengths of the anti-404 

symmetric A0 wave in the glass microscope slide with water loads up to 1 mm depth. The 405 

wavelength on the width axis of a dry slide (a slide without a capillary bridge) provides the 406 

first point on the curve. The A0 wavelength for the microscope slide “simply supported on 407 

both sides” was calculated using the energy (Rayleigh) technique[88] given by Eq. 11-21 in 408 

Blevins [10]. The first step finds the number of nodes (i and j) in the microscope slide across 409 

its width (W) and length (L) axes respectively. These are calculated as a coherent unit: 410 

𝑓𝑖𝑗 =
𝜋

2
[

𝑖4

𝑊4 +
𝑗4

𝐿4 +
2𝑖2𝑗2

𝑊2𝐿2]
1

2⁄

[
𝐸𝑇3

12γ(1−ν2)
]

1
2⁄

  (1) 411 

where  is the mass per unit length T,  is density, T is thickness and E is Young’s modulus. 412 

Values are given in Table D.1.  413 

The method we used to find j (the number of nodes parallel to the long sides) at 1 MHz was 414 

to initially set the value of i (the number of nodes parallel to the short sides) to 14. This is the 415 

number of nodes at 1 MHz in the simulation with a 0.2 mm deep water channel as shown in 416 

Fig. 7c. It was used because a clear grid of nodes was formed. A clear grid is not produced on 417 

the dry slide (Appendix Fig. E.1) or the slide with a 0.75 mm deep water channel (Fig. 2e). It 418 

appears that the uninterrupted width of the dry slide allows minor pattern deformations to 419 

propagate whilst, the large step-change in the wave velocity with the 0.75 mm deep water-420 

loading produces a Rayleigh leak angle which significantly deforms the nodes in the glass. A 421 

thickness of 0.2 mm for the water is a compromise which forms a near optimum grid 422 

arrangement. 423 

Resonant frequencies were calculated from Eq. 1 for all j values of 0 to 40 and are plotted 424 

with their wavelengths (2W/j) in Appendix Fig. D.1. From the graph j = 19, at the closest 425 

point to 1 MHz. 19 is the same as the simulation results shown in Fig. 7c. The wavelength on 426 

the dry 25 mm microscope slide at 1 MHz is therefore (2×25)/19 = 2.63 mm (plotted in 427 

Figure 6). The only assumption required to fit Eq. 1 with Fig. 7c was that no water was 428 
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present on the slide. The presence of the small water channel in the simulation may add one 429 

node across the entire width, leading to a potential inaccuracy of 0.14 mm (2.63/19), ~5 %.  430 

The density element in Eq. 1 is increased to obtain the effect of water-loading, shown by the 431 

curve in Fig. 6. Starting with no water as described for the dry glass slide (with i=14), the 432 

water-load was added to the density component  in proportion to the water mass on the 1 433 

mm thick glass slide. For example, if the glass density is 2200 kg m-3 and the water density is 434 

1000 kg m-3, the loaded density on a 1 mm glass slide with a 0.2 mm water layer is 2200 + 435 

(0.2 × 1000) = 2400 kg m-3. The curve from this basic method for adding small amounts of 436 

mass approximately follows the scattered data points in Fig. 6. The calculation also predicts 437 

that an increase in the water depth from 0 to one water wavelength deep, will reduce the 438 

wavelength in the glass from the A0 wavelength of the glass g (2.63 mm) to near the 439 

wavelength in water w (1.5 mm).  440 

4.5 Yeast Cell Patterning in shallow bridges 441 

In a 0.2 mm deep capillary bridge, yeast cells gather along two straight lines (Fig. 7a) 442 

whereas in the 0.75 mm deep water (Fig. 2) they gather along three lines. We have already 443 

shown that this is due to increasing water-loading reducing the node separation in the glass. 444 

The simulation of nodes across the whole slide (Fig. 7c) shows a grid which is significantly 445 

more uniform than the grid formed with the 0.75 mm deep water (Fig. 2e). This reduced 446 

distortion appears to be due to the smaller leak angle of waves crossing the interface between 447 

the water loaded and unloaded regions of the glass. 448 

Although the simulation produces a regular grid pattern, the two lines of yeast cells are 449 

difficult to see in Fig. 7a. The low levels of yeast in these lines is due to a combination of 450 

factors: There are fewer yeast cells available in the lower channel depth,  The radiation force 451 

may move particles to the bottom and top walls [9]. Some yeast cells have been removed 452 

from the lines to form small clumps which appear as dots. 453 
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 454 

Fig. 7 Top view (except d and e). 3 mm 

wide polystyrene capillary bridge 

channel, 0.2 mm deep, aligned parallel 

to a PZT. (a) Yeast suspensions. 

150 mV signal to the amplifier 

1.035 MHz. Dot like yeast clumps and 

2 lines of yeast clumps appear as gray, 

between the two water-air boundaries. 

Simulation results of (b) Pressure: in 

the water near the glass. (c) y in the 

glass at 0.25 mm from the glass-water 

interface. Numbers indicate i and j 

node positions. Y-Y’ is the section 

shown in (d) and (e). (f) Intensity (Iy) 

in the water, Mid-plane, and (g)  y at 

the polystyrene surface in contact with 

air. 

4.6 Patterns produced by Evanescent 455 

Waves. 456 

A pattern of small yeast cell clumps at 457 

approximately 0.25 mm separation is 458 

formed with the 0.2 mm deep bridge (see Fig. 7a), these appear as small dots. This pattern is 459 

not seen in the simulation of pressure in Fig. 7 (b and d). It was also not produced with yeast 460 

cells in the 0.75 mm deep bridge. However, arrays of dots are produced in simulations of y 461 
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in the polystyrene these occur in channels with water depths of both 0.75 and 0.2 mm (Figs. 462 

2i and 7g). A pattern of dots is also produced in intensity Iy (a measure of power density, 463 

W.m-2) at the mid-plane of the 0.2 mm deep water (Fig. 7f), but not in mid-plane of the 0.75 464 

mm deep water (Fig. 2h). The section views (Figs 2g and 7e) show that inside both channels 465 

Iy reaches its maximum value at the polystyrene surface and falls to near zero beyond 0.1 mm 466 

from the surface. This location at the surface of the polystyrene suggests that the small dot 467 

formations are created by an evanescent field on the polystyrene surface. The main condition 468 

for an evanescent wave is a lower sound velocity in the liquid that the solid This was 469 

confirmed by showing that the polystyrene has a wave velocity below the speed of sound in 470 

water (1500 ms-1). A wave velocity for an A0 wave in the polystyrene of 400 m s-1 was 471 

obtained from the beam equation [10] plotted in Appendix, Fig. D.1, this is similar to the 472 

velocity (500 m s-1) obtained by assuming the dots are at a half wavelength separation. These 473 

evanescent waves form nodes where they interfere in the fluid. It is similar to the node 474 

formation from leaky waves, except the nodes form on or very close to the polystyrene 475 

surface and therefore they attract the cells to the surface. Aubert et al. [50]  observed that 476 

nodes of evanescent (Scholte) waves align to a meniscus edge and claimed that these waves 477 

were reflected by the meniscus. They also stated that the mass-loading from the water 478 

influenced the wave velocity in the thin sheet. Following our interpretation of the leaking 479 

wave alignment along mass-loading steps, we suggest that the meniscus is not the evanescent 480 

wave reflector. The evanescent wave alignment observed by Aubert et al. is a demonstration 481 

that mass-loading steps also align evanescent waves. 482 

5 Conclusions 483 

In this paper, we have shown that at the glass-water interface y stress nodes in the glass join 484 

to the pressure nodes in the fluid. This node continuity across the interface raised the chicken 485 
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and egg conundrum of where the node pattern first formed. We have presented a model 486 

(NTM-1) where the water-loading reduces the distance between nodes in the solid and the 487 

node pattern first forms in the glass. The same node pattern then forms in the fluid. The 488 

replica node pattern is, interference between waves emitted into the liquid from antinodes in 489 

y on the solid surface.  These nodes in the fluid are easily mistaken for nodes produced by a 490 

resonance formed by reflections at the fluid’s walls. We demonstrated that the node to node 491 

distance is dependent upon the fluid depth. This is not consistent with a resonance in the fluid 492 

but is consistent with our model where mass-loading by the fluid changes the wavelength in 493 

the glass substrate (see Eq.1).   494 

We also find that water-loading produces a wave guide in the substrate which aligns nodes 495 

with the edge of the load but in a counter mechanism node distortion increases as the step 496 

change in mass-loading increases with water depth. This distortion is clear with our water-air 497 

step in mass-loading. From this we predict that when sidewalls are present the change in 498 

mass-loading is small such as at a water-PDMS interface and water depth will have less 499 

influence on node distortion (although damping is expected to reduce efficiency in systems 500 

with sidewalls). 501 

The resonance in our system was formed in the wide glass substrate and not the narrow water 502 

channel of the capillary bridge. The multi-wavelength width of the glass substrate is helpful 503 

from an applications viewpoint since longer sound paths increase the number of resonances 504 

where the device can operate and this gives it more temperature stability than devices which 505 

have a single resonance in a narrow fluid channel. The broad frequency range could give new 506 

design paths for applications such as tweezing where node stability during frequency changes 507 

are required [89]. Acoustic particle attraction to thick resonant glass surfaces has previously 508 

been considered for enhancing rapid immunosensors [90-91], however with thick glass, 509 

attraction only operated over a very narrow frequency range. The second model in this paper 510 
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NTM-2 is concerned with acoustic attraction. Particles are attracted by evanescent waves to 511 

the thin polystyrene film of the capillary bridge over a wide frequency range and this could 512 

be implemented in particle attraction/sensor applications.  513 

The acoustofluidic capillary bridge was built from only an unmodified microscope slide (a 514 

minimally damped waveguide), a 3D printed holder, a cut out sheet of polystyrene, some 515 

screws and a PZT. From this simple construction, using water depths near half a wavelength, 516 

lines of yeast straight enough for separation and alignment purposes were produced. With 517 

water depths of less than a quarter wavelength, the same system attracted yeast cells onto the 518 

polystyrene sheet. This particle attraction method could be developed to enhance surface 519 

based immunosensors and cell sensors. 520 
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Capillary bridges created as straight sided liquid columns between two axial discs, radius R, 532 

are stable in 0 g at lengths (L) up to the Rayleigh Plateau limit to 𝐿 = 2𝜋𝑅[61]. Gravity 533 

displaces the liquid downwards in both vertical and horizontal cylinders and breaks large 534 

bridges by overcoming the surface tension. A Bond number (B) greater than 1 signifies this 535 

instability where gravitational effects will overcome interfacial tension.  536 

𝐵 = (𝜌𝑖 − 𝜌𝑜)
𝑔𝑅2

𝛾
   (Eq. A.1) 537 

The maximum vertical length for either R, or L is the capillary length Lc[92].   538 

 𝐿𝑐 = √
𝛾

(𝜌𝑖−𝜌𝑜)𝑔
   (Eq. A.2) 539 

Inserting the parameters for our capillary bridge we obtain: 540 

 =interfacial tension; water-air = 0.072 N m-1, g= acceleration due to gravity 9.8 m s-2, i = 541 

density of water 1000 kg m-3o = density of air 1.2 kg m-3.  542 

𝐿𝑐 = √
0.072

(1000 − 1.2) . 9.8
= 2.7𝑥10−3 𝑚 543 

The capillary bridges in this paper are cuboids and not cylinders but a similar capillary length 544 

is expected.  545 

 546 

Our water contains cells which will reduce . To show these do not disrupt the bridges the 547 

extreme case of soapy water  = 0.025 N m-1 [93] is considered, here Lc = 1.6 mm. The 548 

vertical lengths we use are; 0.2 and 0.75 mm, both of these are therefore within the region 549 

where gravity does not destroy the cell suspension filled capillary bridges. 550 

B. Reliability of capillary bridges 551 
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Capillary bridge channels between solid surfaces and flexible liquid guides are a new 552 

development for acoustofluidic and microfluidic applications. The following list of questions 553 

and problems may be the reason for this lack of development:  554 

1. It appears that liquid might fall out. 2. Difficult to control unwanted wicking effects. (a. 555 

Withdrawal of fluid from a deep bridge to a shallow bridge. b. Pooling between arms of sharp 556 

channel corners.). 3. Surfactants may limit their use. 4. Sound vibrations may destroy or alter 557 

the air-fluid walls. 558 

These problems can all be addressed at the design stage and need not affect operation. 559 

The solutions are: 560 

1. The bridge height should be less than the capillary length. See Appendix A. 2. Control of 561 

wicking effects. a. The channel should be fully filled. b. 1 mm corner radius is usually 562 

required[63]. 3. Soaps and detergents reduce the capillary length by approximately 50 %. 563 

This is not a problem for capillary bridges < 1 mm deep see Appendix A.. 4. Movement of 564 

the wall is only seen at high power in systems with low frequency vibration. 565 

The bridge design used in this paper is stable if used horizontally. Stability could be increased 566 

with hydrophobic coatings on the glass either side of the channel[63], this was unnecessary 567 

for our requirements.  568 

C. Two depictions of nodes formed in fluid normal to a solid waveguide surface  569 

Nodes and standing waves in some acoustofluidic systems are illustrated as parallel lines 570 

emerging from flat vibrating surfaces[94]. Physically more accurate illustrations show waves 571 

leaking (at the Rayleigh angle leak, see Appendix G) from surfaces (Fig. C.1a) or, leaking in 572 

both directions from a resonant surface or standing–SAW (Fig. C.1b)[8, 78, 95-96]. 573 

Devendran et al. [5] introduce an interactions between linear and circular wavefronts. The 574 

description below takes this a step further by considering waves emitted from antinodes on a 575 
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glass microscope surface. Unlike the Huygens-Fresnel principle where in-phase emitters 576 

produce linear waves parallel to the surface each emitter (antinode) on the glass is surrounded 577 

by emitters 180o out of phase. At distances up to half a wavelength from the surface these 578 

waves interfere to produce nodes normal to the surface. 579 

Our model assumes A0 modes, these have the shortest wavelength in the undamped 580 

microscope slide. Stress (y), antinodes of A0 waves are the origin points for pressure waves 581 

into the water. This leak and propagation process can be described by either of the b or d 582 

representations in Fig. C.1.  The same pattern of nodes normal to the glass surface is 583 

produced by both representations. The circular wavefront representation (Fig. C.1d) is 584 

preferred here, it indicates the position of the emitters the phase difference between adjacent 585 

emitters and shows nodes separated by half an A0 glass-wavelength. 586 

Fig. C.1. Methods to illustrate 

wavefronts (red positive pressure 

blue negative pressure) in fluid as 

they move away from a vibrating 

surface (grey). a) From a travelling 

wave: waves leak at the Raleigh 

angle leak, b) From a standing wave: leaking waves interfere with nodes (green) and 

antinodes (orange) at fixed horizontal locations. c) A wave emitted from a stationary point 

(here the point is an antinode on a resonant solid surface). d) Waves emitted from adjacent 

stationary antinodes 180o out of phase interfere with nodes (green) and antinodes (orange) at 

fixed horizontal locations  

 587 

 588 

 589 
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D. Wavelength on the microscope slide (the wave guide) 590 

Fig. D.1 Analytical calculations using Eq. 1 of 

wavelengths in: Microscope slide (a plate, 

simply supported on sides with 14 nodes 

parallel to the short edges). Red and blue solid 

lines are for the slide with the unit length 

masses of the water and glass added together. Also shown for comparison water (c/f). 

Polystyrene (50 µm wide x 40 mm long) calculated from the beam equation[10].  

Table D.1a Material properties 591 

   Glass microscope slide Polystyrene Water 

E Modulus of Elasticity GPa 73.1 3.5  

  Density  kg m-3 2200 1060 999.62 

c Speed of sound, Bulk 

velocity 

m s-1 5970 2350 1480 

 Poisson’s ratio  0.17 0.34 0.5 

 592 

Table D.1b Material dimensions (m) used with the COMSOL models, Eq. 1 and the 593 

calculated wavelengths 594 

  Glass microscope slide Polystyrene Water 

L    

 

Plate length 76 x10-3 40 x10-3  

W Plate width 25 x10-3 3 x10-3  

T Plate thickness  1 x10-3  5x10-5 0.2 / 0.75 x10-3 

/2 at 1MHz A0 (Eq. 1)  1.31 x10-3    
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/2 at 1MHz A0 (Beam Eq.[10])  2.34x10-4  

/2 at 1MHz From c/2f    0.75 x10-3 

 595 

E Wave guide simulation 596 

Fig. E.1 is a simulation of a simple slide without water driven at 1 MHz. The nodes on this 597 

dry slide have not formed a well ordered array, however as far as can be discerned the 598 

wavelengths are similar to the 14x19 array formed on the slide with 0.2 mm of water (Fig. 599 

7c).   600 

Fig. E.1 40 mm section of the microscope 

slide with no water channel, driven by a PZT. 

COMSOL simulation of y, inside glass 0.25 

mm from outer face at 1.01 MHz,. 

F. The wavelength of glass decreases with the added mass of water 601 

This is the effect that causes a fall in the resonant frequency of wine glasses as liquid is added 602 

and, the frequency change in a quartz crystal microbalance when mass is added. 603 

Water in contact with the glass surface adds mass to the surface. The mass acts normal to the 604 

slide surface. Since, the natural frequency of the plate is inversely proportional to the square 605 

root of its mass[10], water reduces the wavelength in the glass. Formulae for the added mass 606 

of infinite water bodies are available[10] but these cannot predict the change in wavelength 607 

produced by our very thin water layers. Therefore Section 4.4 describes our method of simply 608 

adding water mass to the standard method (Eq. 1) for obtaining the slide resonance.  609 

G. Leaky and Evanescent waves 610 
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The Rayleigh leak angle leak (also called the angle or refraction given by Snell’s law) of the 611 

planar waves in Fig. C.1(a and b) is obtained from [97-99]:  612 

𝜃𝑙𝑒𝑎𝑘 = 𝑠𝑖𝑛−1 (
𝜆𝑓𝑙𝑢𝑖𝑑

𝜆𝑝𝑙𝑎𝑡𝑒
) = 𝑠𝑖𝑛−1 (

𝑣𝑓𝑙𝑢𝑖𝑑

𝑣𝑝𝑙𝑎𝑡𝑒
)  (Eq. G.1) 613 

Where λ is the wavelength and v is the velocity. Waves emerge from solids at the Raleigh 614 

angle so that the longer wavelengths in the solid and the shorter wavelengths in the fluid 615 

achieve the same phase at all contact points. (as shown in Fig. C.1(a and b)). At leak angles 616 

greater than 90o (the critical angle) the wave returns to the solid and does not propagate 617 

through the fluid. The wave may propagate up to half a wavelength into the fluid before 618 

returning to the solid.  619 

In our capillary bridge the polystyrene film could be modelled as a beam, a plate or a 620 

membrane. Since the tension is unknown the higher precision from the membrane method is 621 

not justified and to approximate the wavelength the Pinned-Pinned beam method is 622 

used[10](p108). The wavelength of 50µm thick polystyrene without added water mass is shown 623 

in Fig. D.1.  624 

References 625 

[1] P. Glynne-Jones, R.J. Boltryk, M. Hill, Acoustofluidics 9: Modelling and applications of planar resonant devices for 626 
acoustic particle manipulation, Lab on a chip, 12 (2012) 1417-1426  627 
[2] J.J. Hawkes, W.T. Coakley, M. Gröschl, E. Benes, S. Armstrong, P.J. Tasker, H. Nowotny, Single half-wavelength ultrasonic 628 
particle filter: Predictions of the transfer matrix multi-layer resonator model and experimental filtration results, J. Acoust. 629 
Soc. Am., 111 (2002) 1259-1266. 630 
[3] M. Hill, The selection of layer thicknesses to control acoustic radiation force profiles in layered resonators, Journal of 631 
the Acoustic Society of America, 114 (2003) 2654-2661. 632 
[4] C. Devendran, K. Choi, J. Han, Y. Ai, A. Neild, D.J. Collins, Diffraction-based acoustic manipulation in microchannels 633 
enables continuous particle and bacteria focusing, Lab on a chip, 20 (2020) 2674-2688. 634 
[5] C. Devendran, D.J. Collins, Y. Ai, A. Neild, Huygens-Fresnel Acoustic Interference and the Development of Robust Time-635 
Averaged Patterns from Traveling Surface Acoustic Waves, Physical review letters, 118 (2017) 6. 636 
[6] M.B. Ozer, B. Cetin, An extended view for acoustofluidic particle manipulation: Scenarios for actuation modes and 637 
device resonance phenomenon for bulk-acoustic-wave devices, Journal of the Acoustic Society of America, 149 (2021) 638 
2802. 639 
[7] J. Shi, S. Yazdi, S.-C.S. Lin, X. Ding, I.-K. Chiang, K. Sharpd, T.J. Huang, Three-dimensional continuous particle focusing in a 640 
microfluidic channel via standing surface acoustic waves (SSAW), Lab on a Chip, 11 (2011) 2319-2324. 641 
[8] R. Weser, A. Winkler, M. Weihnacht, S. Menzel, H.Schmidt, The complexity of surface acoustic wave fields used for 642 
microfluidic applications, Ultrasonics, 106 (2020) 106160. 643 
[9] J. Dong, D. Liang, X. Yang, C. Sun, Influences of microparticle radius and microparticle height on SSAW-based 644 
acoustophetic aggregation, Ultrasonics, 117 (2021) 106547. 645 
[10] R.D. Blevins, Formulas for Natural frequency an d mode shape, Krieger Publishing Company Malbar, Florida 2001. 646 



33 
 

[11] Vibrations in Fluid-Structure Interaction Systems, in: S. Kaneko, T. Nakamura, F. Inada, M. Kato, K. Ishihara, T. 647 
Nishihara, M.A. Langthjem (Eds.) Flow-induced Vibrations Academic Press, 2014, pp. 359-401. 648 
[12] F. Wu, M.H. Shen, J. Yang, H. Wang, R. Mikhaylov, Aled Clayton, X. Qin, C. Sun, Z. Xie, M. Cai, J. Wei, D. Liang, F. Yuan, 649 
Z. Wu, Y. Fu, Z. Yang, X. Sun, L. Tian, X. Yang, An Enhanced Tilted-Angle Acoustofluidic Chip for Cancer Cell Manipulation, 650 
IEEE Electron Device Letters, 42 (2021) 577 - 580. 651 
[13] I. González, J. Earl, L.J. Fernández, B.S. Jr., A. Pinto, R. Monge, S. Alcalá, A. Castillejo, J.L. Soto, A. Carrato, A Label Free 652 
Disposable Device for Rapid Isolation of Rare Tumor Cells from Blood by Ultrasounds, Micromachines, 9 (2018) 129. 653 
[14] A. Urbansky, F. Olm, S. Scheding, T. Laurell, A. Lenshof, Label-free separation of leukocyte subpopulations using high 654 
throughput multiplex acoustophoresis, Lab on a Chip, 19 (2019) 1406-1416. 655 
[15] M.M. Binkley, M. Cui, J. Yantis, S.P. Keeler, B.J. Gerovac, D.E. Byers, M.J. Holtzman, J.M. Meacham, Acoustofluidic 656 
platform for in-channel immunoassays, Progress in Biomedical Optics and Imaging - Proceedings of SPIE, 10893 (2019). 657 
[16] M. Wiklund, S. Radel, J.J. Hawkes, Acoustofluidics 21: ultrasound-enhanced immunoassays and particle sensors, Lab on 658 
a chip, 12 (2012). 659 
[17] U.S. Jonnalagadda, M. Hill, W. Messaoudi, R.B. Cook, R.O.C. Oreffo, P. Glynne-Jones, R.S. Tare, Acoustically modulated 660 
biomechanical stimulation for human cartilage tissue engineering, Lab on a Chip, 18 (2018) 473. 661 
[18] K. Olofsson, B. Hammarström, M. Wiklund, Ultrasonic Based Tissue Modelling and Engineering, Micromachines, 9 662 
(2018) 954. 663 
[19] J.E. Prest, B.J.T. Brown, P.R. Fielden, S. J.Wilkinson, J.J. Hawkes, Scaling-up ultrasound standing wave enhanced 664 
sedimentation filters, Ultrasonics, 56 (2015) 260-270. 665 
[20] G.T. Silva, J.H. Lopes, J.P. Leão-Neto, M.K. Nichols, B.W. Drinkwater, Particle Patterning by Ultrasonic Standing Waves 666 
in a 667 
Rectangular Cavity, Physical Review Applied, 11 (2019) 054044 054041-054012. 668 
[21] I. Leibacher, S. Schatzer, J. Dual, Impedance matched channel walls in acoustofluidic systems, Lab on a chip, 14 (2014) 669 
463-470. 670 
[22] X. Peng, W. He, F. Xin, G.M. Genin, T.J. Lu, The acoustic radiation force of a focused ultrasound beam on a suspended 671 
eukaryotic cell, Ultrasonics, 108 (2020) 106205. 672 
[23] J.P. Leão-Neto, G.T. Silva, Acoustic radiation force and torque exerted on a small viscoelastic particle in an ideal fluid, 673 
ULtrasonics, 71 (2016) 1-11. 674 
[24] F.G. Mitri, Acoustic backscattering and radiation force on a rigid elliptical cylinder in plane progressive waves, 675 
Ultrasonics, 66 (2016) 27-33. 676 
[25] L.P. Gorkov, On the Forces Acting on a Small Particle in an Acoustical Field in an Ideal Fluid, Soviet Physics - Doklady, 6 677 
(1962) 773-775. 678 
[26] R. Barnkob, P. Augustsson, T. Laurell, H. Bruus, Acoustic radiation- and streaming-induced microparticle velocities 679 
determined by micro-PIV in an ultrasound symmetry plane, Phys. Rev. E 86, 86 (2013) 1-11. 680 
[27] F. Trampler, S.A. Sonderhoff, P.W.S. Pui, D.G. Kilburn, J.M. Piret, Acoustic filter for high density perfusion culture of 681 
hybridoma cells, Biotechnology, 12 (1994) 218-284. 682 
[28] J.J. Hawkes, S. radel, Acoustofluidics 22: Multi-wavelength resonators, applications and considerations, Lab on a Chip, 683 
13 (2012) 610-627. 684 
[29] G. Whitworth, M.A. Grundy, W.T. Coakley, Transport and harvesting of suspended particles using modulated 685 
ultrasound, Ultrasonics, 29 (1991) 439-444  686 
[30] K. Yasuda, S.-i. Umemura, K. Takeda, Concentration and fractionation of small particles in liquid by ultrasound, 687 
Japaneese Journal of Applied Physics, 34 (1995) 2715-2720. 688 
[31] J.J. Hawkes, W.T.C. . Force field particle filter, combining ultrasound standing waves and laminar flow, Sensors and 689 
Actuators B: Chemical, 75 (2001) 213-222. 690 
[32] N. Harris, M. Hill, S. Beeby, Y. Shen, N. White, J. Hawkes, W. Coakley, A silicon microfluidic ultrasonic separator, 691 
Sensors and Actuators B: Chemical, 95 (2003) 425-434. 692 
[33] M. Tenje, M.N. Lundgren, A.-M. Swärd-Nilsson, J. Kjeldsen-Kragh, L. Lyxe, A. Lenshof, Acoustophoretic removal of 693 
proteins from blood components, Biomed Microdevices, 17 (2015). 694 
[34] F. Petersson, A. Nilsson, C. Holm, H. Jonsson, T. Laurell, Separation of lipids from blood utilizing ultrasonic standing 695 
waves in microfluidic channels, The Analyst, 129 (2004) 938-943. 696 
[35] O. Manneberg, J. Svennebring, H.M. Hertz, MWiklund, Wedge transducer design for two-dimensional ultrasonic 697 
manipulation in a microfluidic chip, Journal of Micromachine and microengineering, 18 (2008) 095025. 698 
[36] A. Fornell, P. Söderbäck, Z. Liu, M.D.A. Moreira, M. Tenje, Fabrication of Silicon Microfluidic Chips for Acoustic Particle 699 
Focusing Using Direct Laser Writing, Micromachines, 11 (2020) 113. 700 
[37] L. Johansson, J. Enlund, S. Johansson, I. Katardjiev, V. Yantchev, Surface acoustic wave induced particle manipulation in 701 
a PDMS channel—principle concepts for continuous flow applications, Biomedical Microdevises, 14 (2012) 279-289. 702 
[38] F. Lickert, M. Ohlin, H. Bruus, P. Ohlsson, Acoustophoresis in polymer-based microfluidic devices: modeling and 703 
experimental validation, Journal of the Acoustic Society of America, 149 (2021) 4281-4291. 704 
[39] I. Gonzalez, L.J. Fernandez, T.E. Gomez, J. Berganzo, J.L. Soto, A. Carrato, A polymeric chip for micromanipulation and 705 
particle sorting by ultrasounds based on a multilayer configuration, Sensors and Actuators: B, 144 (2010) 310-317. 706 
[40] C. Richard, A. Fakhfouri, M. Colditz, F. Striggow, R. Kronstein-Wiedemann, T. Tonn, M. Medina-Sánchez, O.G. Schmidt, 707 
T. Gemminga, A. Winkler, Blood platelet enrichment in mass-producible surface acoustic wave (SAW) driven microfluidic 708 
chips, Lab on a Chip, 19 (2019) 4043. 709 



34 
 

[41] J. Shi, X. Mao, D. Ahmed, A. Colletti, T.J. Huang, Focusing microparticles in a microfluidic channel with standing surface 710 
acoustic waves (SSAW), Lab on a Chip, 8 (2008) 221-223. 711 
[42] R.P. Moiseyenko, H. Bruus, Whole-System Ultrasound Resonances as the Basis for Acoustophoresis in All-Polymer 712 
Microfluidic Devices, Physical Review Applied, 11 (2019) 14. 713 
[43] A. Aghakhan, H. Cetin, P. Erkoc, G.I. Tombak, M. Sitti, Flexural wave-based soft attractor walls for trapping 714 
microparticles and cells, Lab on a chip, 21 (2021) 582 —596. 715 
[44] C.D. Wood, S.D. Evans, Alignment of particles in microfluidic systems using standing surface acoustic waves, Applied 716 
Physics letters, 92 (2008) 044104. 717 
[45] C.D. Wood, J.E. Cunningham, R. O’Rorke, C. Wälti, E.H. Linfield, A.G. Davies, S.D. Evans, Formation and manipulation of 718 
two-dimensional arrays of micron-scale particles in microfluidic systems by surface acoustic waves, Applied Physics letters, 719 
94 (2009) 054101. 720 
[46] M.B. Ozer, B. Cetin, An extended view for acoustofluidic particle manipulation: Scenarios for actuation modes and 721 
device resonance phenomenon for bulk-acoustic-wave devices, Journal of the Acoustic Society of America, 149 (2021) 722 
2802-2812. 723 
[47] A. Mueller, A. Lever, T.V. Nguyen, J. Comolli, J. Fiering, Continuous acoustic separation in a thermoplastic 724 
microchannel, J. Micromech. Microeng., 23 (2013) 125006. 725 
[48] J.B. Lonzaga, C.F. Osterhoudt, D.B. Thiessen, P.L. Marston, Liquid jet response to internal modulated ultrasonic 726 
radiation pressure and stimulated drop production, Journal of the Acoustic Society of America, 121 (2007) 3323-3330. 727 
[49] Y. Bian, F. Guo, S. Yang, Z. Mao, H. Bachman, S.-Y. Tang, L. Ren, B. Zhang, J. Gong, X. Guo, T.J. Huang, Acoustofluidic 728 
waveguides for localized control of acoustic wavefront in microfluidics, Microfluidics and Nanofluidics, 21 (2017) 132. 729 
[50] V. Aubert, R. Wunenburger, T. Valier-Brasier, D. Rabaud, J.-P. Kleman, C. Poulain, A simple acoustofluidic chip for 730 
microscale manipulation using evanescent Scholte waves, Lab on a Chip, 16 (2016) 2532. 731 
[51] P.-Y. Gires, C. Poulain, Near-field acoustic manipulation in a confined evanescent Bessel beam, Nature 732 
Communications Physics, 2 (2019) 94. 733 
[52] J.P. Black, R.M. White, J.W. Grate, in:  Proceedings of 2002 IEEE Ultrasonics Symposium, 2002, pp. 475-479. 734 
[53] J.J. Hawkes, Particle attraction to membranes with evanescent standing waves, in:  Acoustofluidics, Southampton , UK, 735 
2013. 736 
[54] R.M. White, Introductory Lecture: Acoustic interactions from Faraday's crispations to MEMS, Faraday Discussions, 107 737 
(1997) 1-13. 738 
[55] G. Vuillermet, P.-Y. Gires, F. Casset, C. Poulain, Chladni Patterns in a Liquid at Microscale, Physical review Letters, 116 739 
(2016) 184501. 740 
[56] E.G. Williams, Fourier Acoustics: Sound radiation and nearfield acoustical holography, Academic Press, Cambride, 741 
United Kingdom, 1999. 742 
[57] P.A. Kralchevsky, K. Nagayama, Capillary Bridges and Capillary-Bridge Forces, in:  Studies in Interface Science: 743 
Attachment of Colloid Particles and Proteins to Interfaces and Formation of Two-Dimensional Arrays, Elsevier, Amsterdam, 744 
2001, pp. 469-502. 745 
[58] M. Pakpour, M. Habibi, P. Møller, D. Bonn, How to construct the perfect sandcastle, Scientific reports, 2 (2012) 549. 746 
[59] S. Gernay, W. Federle, P. Lambert, T. Gilet, Elasto-capillarity in insect fibrillar adhesion, J. R. Soc. Interface, 13 (2016) 747 
2016037. 748 
[60] M. Prakash, D. Quéré, J.W.M. Bush, Surface Tension Transport of Prey by Feeding Shorebirds:The Capillary Ratchet, 749 
Science, 320 (2008) 931-934. 750 
[61] M.J. Marr-Lyon, D.B. Thiessen, P.L. Marston, Stabilization of a cylindrical capillary bridge far beyond the 751 
Rayleigh{Plateau limit using acoustic radiation pressure and active feedback, Journal of Fluid Mechanics, 351 (1997) 345-752 
357. 753 
[62] M. J., Marr-Lyon, D.B. Thiessen, P.L. Marston, Passive Stabilization of Capillary Bridges in Air with Acoustic Radiation 754 
Pressure 755 
Physical letters review, 86 (2000) 2293-2296. 756 
[63] F. Bunge, S.v.d. Driesche, M.J. Vellekoop, Symmetric surficial phaseguides: a passive technology to generate wall-less 757 
channels by two-dimensional guiding elements, Microfluid Nanofluid, 20 (2016) 95. 758 
[64] J. Berthier, K.A. Brakke, D.G.A.-G. Bourdat, G. Nonglaton, N. Villard, G. Laffite, F.B. ·, G. Costa, G. Delapierre, 759 
Suspended microflows between vertical parallel walls, Microfluidics and Nanofluidics, 18 (2015) 919-929. 760 
[65] S.P. Zhang, J. Lata, C. Chen, J. Mai, F. Guo, Z. Tian, L. Ren, Z. Mao, P.-H. Huang, P. Li, S. Yang, T.J. Huang, Digital 761 
acoustofluidics enables contactless and programmable liquid handling, Nature communications, 9 (2018) 2928. 762 
[66] C. Soitu, A. Feuerborn, A.N. Tan, H. Walker, P.A. Walsh, A.A. Castrejón-Pita, P.R. Cook, E.J. Walsh, Microfluidic 763 
chambers using fluid walls for cell biology 764 
PNAS, 115 (2018) E5926–E5933. 765 
[67] D.P. Taylor, G.V. Kaigala, Reconfigurable microfluidics: real-time shaping of virtual channels through hydrodynamic 766 
forces, Lab on a Chip, 20 (2020) 1720–1728. 767 
[68] X. Weng, Y. Kang, Q. Guo, B. Peng, H. Jiang, Recent advances in thread-based microfluidics for diagnostic applications, 768 
Biosens Bioelectron, 132 (2019) 171-185. 769 
[69] M.H. Panhwar, F. Czerwinski, V.A.S. Dabbiru, Y. Komaragiri, B. Fregin, D. Biedenweg, P. Nestler, R.H. Pires, O. Otto, 770 
High-throughput cell and spheroid mechanics in virtual fluidic channels, Nat Commun,  1-13. 771 



35 
 

[70] M.H. Panhwar, F. Czerwinski, V.A.S. Dabbiru, Y. Komaragiri, B. Fregin, D. Biedenweg, P. Nestler, R.H. Pires, O. Otto, 772 
High-Throughput Cell and Spheroid Mechanics in Virtual Fluidic Channels, Nat Commun, 11 (2020) 2190. 773 
[71] P. Dunne, T. Adachi, A.A. Dev, A. Sorrenti, L. Giacchetti, A. Bonnin, C. Bourdon, P.H. Mangin, J.M.D. Coey, B. Doudin, 774 
T.M. Hermans, Liquid flow and control without solid walls, Nature, 581 (2020) 58-62. 775 
[72] R. Hodgson, M. Tan, L. yeo, J. Friend, Transmitting high power rf acoustic radiation via fluid couplants into superstrates 776 
for microfluidics, Applied Physics Letters, 94 (2009) 024102. 777 
[73] C. Witte, J. Reboud, R. Wilson, J.M. Cooper, S.L. Neale, Microfluidic resonant cavities enable acoustophoresis on a 778 
disposable superstrate, Lab on a Chip, 14  4277-4283. 779 
[74] S.V.V.N. Kothapalli, M. Wiklund, B. Janerot-Sjoberg, G. Paradossi, D. Grishenkov, Investigation of polymer-shelled 780 
microbubble motions in acoustophoresis, Ultrasonics, 70 (2016) 275-283. 781 
[75] A. Haake, A. Neild, G. Radziwill, J. Dual, Positioning, Displacement, and Localization of Cells Using Ultrasonic Forces, 782 
Biotechnology and Bioengineering, 92 (2005) 8-14. 783 
[76] L. Zhang, P.L. Marston, Axial radiation force exerted by general non-diffracting beams, Journal of the Acoustic society 784 
of America Express Letters, 131 (2012) EL329. 785 
[77] S. Xu, C. Qiu, Z. Liu, Transversally stable acoustic pulling force produced by two crossed plane waves, Exploring the 786 
frontiers of physics Letters, 99 (2012) 44003. 787 
[78] R. Barnkob, N. Nama, L. Ren, T.J. Huang, F. Costanzo, C.J. Kähler, Acoustically Driven Fluid and Particle Motion in 788 
Confined and Leaky Systems, Physical reveiw Applied, 9 (2018) 014027. 789 
[79] N.C. Speller, G.G. Morbioli, M.E. Cato, T.P. Cantrell, E.M. Leydon, B.E. Schmidt, A.M. Stockton, Cutting edge 790 
microfluidics: Xurography and a microwave, Sensors and Actuators B. Chemical, 291 (2019) 250-256. 791 
[80] I. González, I.C. Navarrete, A. Vargas, M.M. Camacho, Aluminium-foil chip for ultrasonic particle manipulation, in:  792 
Acoustofluidics, Lille, France, 2018. 793 
[81] Y. Niimura, K. Hasegawa, Evaporation of droplet in mid-air: Pure and binary droplets in single-axis acoustic levitator, 794 
PLOS one, (2019) 1-15. 795 
[82] J.J. Hawkes, W.T. Coakley, A continuous flow ultrasonic cell-filtering method., Enzyme and Microbial Technology, 19 796 
(1996) 57-62. 797 
[83] Structural-mechanics-module-User's-Guide, in:  COMSOL Multiphysics→, COMSOL AB, Stockholm, 2018, pp. 1-366. 798 
[84] Acoustic-module-User's-Guide, in:  COMSOL Multiphysics→, COMSOL AB, Stockholm, 2018. 799 
[85] AC/DC-Module-User's-Guide, in:  COMSOL Multiphyics®, COMSOL AB, Stockholm, 2018, pp. 1-366. 800 
[86] J. Mei, J. Friend, A review: controlling the propagation of surface acoustic waves via waveguides for potential use in 801 
acoustofluidics 802 
Bulletin of the JSME Mechanical Engineering Reviews, 7 (2020). 803 
[87] A.A. Oliner, Waveguides for acoustic surface waves: A review, in:  Surface Acoustic Waves, Proceedings of the IEEE, 804 
1976, pp. 615-627. 805 
[88] S.M. Dickinson, The buckling and frequency of flexural vibration of rectangular isotropic and orthotropic plates using 806 
Rayeighs method, Journal of Sound and Vibration, 61 (1978) 1-8. 807 
[89] J.W. Ng, C. Devendran, A. Neild, Acoustic tweezing of particles using decaying opposing travelling surface acoustic 808 
waves (DOTSAW), Lab on a chip, 17 (2017) 3489-3497. 809 
[90] P. Glynne-Jones, R.J. Boltryk, M. Hill, F. Zhang, L.Q. Dong, J.S. Wilkinson, T. Melvin, N.R. Harris, T. Brown, Flexible 810 
Acoustic Particle Manipulation Device with Integrated Optical Waveguide for Enhanced Microbead Assays, Analytical 811 
Science, 25 (2009) 285-291. 812 
[91] J.J. Hawkes, M.J. Long, W.T. Coakley, M.B. McDonnell, Ultrasonic deposition of cells on a surface, Biosensors and 813 
Bioelectronics, 19 (2004) 1021–1028. 814 
[92] B. Radoeva, I.T. Ivanova, P. Petkov, Capillary bridge: Transition from equilibrium to hydrodynamic state, Colloids and 815 
Surfaces A: Physicochem. Eng. Aspects, 505 (2016) 98–105. 816 
[93] Surface Tension, in:  The Engineering ToolBox. 817 
[94] I. Leibacher, P. Reichert, J. Dual, Microfluidic droplet handling by bulk acoustic wave (BAW) acoustophoresis, Lab on a 818 
chip, 15 (2015) 2896-2905. 819 
[95] F. Guo, Z. Mao, Y. Chen, Z. Xie, J.P. Lata, P. Li, L. Ren, J. Liu, J. Yang, M. Dao, S. Suresh, T.J. Huang, Three-dimensional 820 
manipulation of single cells using surface acoustic waves, PNAS, 113 (2016) 1522-1527. 821 
[96] Z. Wang, J. Zhe, Recent advances in particle and droplet manipulation for lab-on-a-chip devices based on surface 822 
acoustic waves, Lab on a chip, (2011) 1280-1285. 823 
[97] M. Gedge, M. Hill, Acoustofluidics 17: Theory and applications of surface acoustic wave devices for particle 824 
manipulation, Lab on a chip, 12 (2012) 2998-3007. 825 
[98] L.Y. Yeo, J.R. Friend, Ultrafast microfluidics using surface acoustic waves, Biomicrofluidics, 3 (2009) 23. 826 
[99] X.Y. Du, Y.Q. Fu, J.K. Luo, A.J. Flewitt, W.I. Milne, Microfluidic pumps employing surface acoustic waves generated in 827 
ZnO thin films, Journal of Applied Physics, 105 (2009) 7. 828 
 829 
 830 


