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A B S T R A C T   

Using acoustofluidic channels formed by capillary bridges two models are developed to describe nodes formed by 
leaky and by evanescent waves. The liquid channel held between a microscope slide (waveguide) and a strip of 
polystyrene film (fluid guide) avoids solid-sidewall interactions. With this simplification, our experimental and 
numerical study showed that waves emitted from a single plane surface, interfere and form the nodes without 
any resonance in the fluid. Both models pay particular attention to tensor elements normal to the solid–liquid 
interfaces they find that; initially nodes form in the solid and the node pattern is replicated by waves emitted into 
the fluid from antinodes in the stress. At fluids depths near half an acoustic wavelength, most nodes are formed 
by leaky waves. In the glass, water-loading reduces node–node separation and forms an overlay type waveguide 
which aligns the nodes predominantly along the channel. One new practical insight is that node separation can 
be controlled by water depth. At 0.2 mm water depths (which are smaller than a ¼ wavelength) nodes form from 
evanescent waves. Here a suspension of yeast cells formed a pattern of small dot-like clumps of cells on the 
surface of the polystyrene film. We found the same pattern in sound intensity normal, and close, to the water- 
polystyrene interface. The capillary bridge channel developed for this study is simple, low-cost, and could be 
developed for filtration, separation, or patterning of biological species in rapid immuno-sensing applications.   

1. Introduction 

1.1. Nodes in acoustofluidics 

For acoustofluidic applications, it is critical to control the node lo-
cations. Various methods have been developed for defining the node 
positions in resonant channels [1-3]. However, in soft-walled acousto-
fluidic channels, nodes are often formed without a resonance in the fluid 
[4-7] and at present there are no general models to describe their po-
sitions in the fluid or substrate [8,9]. This paper introduces two Node 
Theory Models (NTMs) (shown in Fig. 1) to describe node formations in 
such non-resonant fluids. NTM-1 applies to leaky waves and introduces 
the concept of fluid pressure nodes aligned with nodes of y–component 
stress, σy in the solid. These stress nodes are controlled by mass-loading 
[10,11]. NTM-2 applies to evanescent waves and the nodes form on a 
surface which is driven the fluid. A capillary bridge was used to form an 

acoustofluidic channel, (Fig. 1a) which has water–air sidewalls. This 
simplified our analysis of node formation by removing the sound paths 
and mass interactions contributed by solid sidewalls. Since the polymers 
used for soft-walled channels absorb sound their walls also do not pro-
vide sound paths from the substrate to the top of the channel. Due to this 
similarity between no-wall and soft-wall channels, insights into node 
creation gained in capillary bridge channels may be transferable to soft- 
walled channels. 

In fluids, acoustic nodes create primary force fields that move sus-
pended particles, droplets and bubbles to form visible patterns of lines, 
arrays and clumps. These patterns are physical representations of the 
acoustic nodes although the visualisation method is often disturbed by 
the temporal changes and additional patterns produced by acoustic 
streaming. As we learn to control these node patterns, acoustofluidics is 
becoming a new contact-free tool for life sciences to handle biological 
specimens in microfluidic systems for cancer research [12-14], 
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immunology [15,16] and tissue engineering [17,18]. This paper is 
focused on further identifying the node locations as this is where the 
primary acoustic radiation force acts on the suspended objects. The force 
has been described by many authors [19–24] (notably Gor’kov [25]). 
Most biological cells and solid particles in an aqueous suspension move 
towards pressure nodes. We have used yeast cells and a sound frequency 
of 1 MHz. According to Barnkob’s calculation method [25], at this fre-
quency the radiation forces is dominant over acoustic streaming for cells 
with a diameter exceeding 2 µm. As yeast cells (diameter ~ 5 µm) are 
used in this study, our analysis will be focused on the radiation force. 

1.2. Node creation in non resonant leaky wave acoustofluidic channels 

In many multi-wavelength chambers [26–30] and some half- 
wavelength chambers [2,31–33]. a resonance is formed in the fluid 
between incident and reflecting surfaces to form a nodal plane. In these 
channels the nodal plane is several wavelengths wide. This incident and 
reflector design is now mostly superseded by systems where the nodes 
form at right angles to the incident plate, since this is a more convenient 
viewing angle. Initially hard walls [34–37] were used, however, today 
many systems use soft more easily formed walls, made from 

polydimethylsiloxane (PDMS) [7,38], poly(methyl methacrylate) 
(PMMA) [39] or SU-8 photoresist [40,41]. These soft walls absorb sound 
and are poor sound reflectors which quickly led to the realisation that 
sound reflections from the walls are too weak to form a resonance in the 
fluid [38,42], although reflections at the polymer-air interfaces may 
occur in some systems [43]. Nonetheless nodes do form and single nodes 
have been formed in channels only one tenth of a wavelength wide [44]. 
Nodes formed by resonances in fluids are always separated by half a 
wavelength of sound in the bulk fluid. However in these soft-walled 
channels, the distance between nodes either is the same as the half 
wavelength of sound in the solid substrate [45,46] or lies between the 
half wavelengths of sound in the bulk fluid and the solid substrate 
[5,38,45–48]. We are not aware of any previous explanation for this 
variation in node separation. 

The low height of many acoustofluidic channels prevents them from 
acting as waveguides. This is a further obstacle to forming a resonance in 
the fluid since sound must pass multiple times between the side-walls to 
form a resonance. The cut-off dimension for wave propagation in a fluid 
is in the region of half a wavelength, this was calculated and shown 
experimentally in reference [49] where at 1 MHz the minimum cut-off 
diameter for axisymmetric acoustic propagation in a cylindrical water 
jet is 1.1 mm. Experiments in microchannels have also shown [50] that, 
significant wave attenuation occurs in channels less than a half wave-
length high. Therefore even walls presenting a large impedance change 
at the edge of the fluid require nodal planes greater than half a wave-
length high for the sound to propagate and form a resonance in the fluid. 
In channels with smaller nodal planes the nodes must be formed without 
a resonance in the fluid. This paper proposes a model, NTM-1, which 
describes how nodes can be formed in these non-resonant fluids. The 
model also shows that the various node separations could be the result of 
differences in the fluid depth used. 

1.3. Node creation in non resonant evanescent wave acoustofluidic 
channels 

Some of our experiments show small dots on the polystyrene surface. 
A second model NTM-2 identifies these dots as nodes formed by 
evanescent waves (see Appendix G and Fig. A2). Although not widely 
used in acoustofluidics evanescent waves are described as very prom-
ising because the acoustic wave energy does not leak away [51] and they 
attract particles to surfaces [16]. Evanescent waves have been produced 
in a variety of systems [16,51–54] all of which fulfil the requirement of a 
lower wave velocity in the solid than the fluid. The low wave velocity in 
the solid is generally achieved by using very thin walls. The walls are 
driven with vibrations either directly [51,52,55,56] or with waves 
transferred through a liquid capillary bridge [16]. Good discussions of 
evanescent waves are given in Refs. [51,57]. The model NTM-2 de-
scribes our system (shown in Fig. 1c) where the evanescent waves are 
formed by the transfer of sound through the capillary bridge fluid. 

1.4. The acoustofluidic capillary bridge 

Capillary bridges are formed by fluids which span gaps between 
solid, liquid or gas surfaces [58], and are stabilised by surface tension 
(size limitations are given in Appendix A). They are common features in 
the natural environment where they provide adhesion for sandcastles 
[59], allow insects to climb smooth surfaces [60], and provide a feeding 
mechanism for shorebirds [61]. Although surface tension is a stable and 
powerful force, from a macro-world perspective it often gets overlooked, 
even for the development of microfluidic systems (See Appendix B). In 
this study, the capillary bridge is formed between a microscope slide and 
a thin polystyrene sheet (which acted as the fluid-guide and could be cut 
into any shape chosen for the channel, see Fig. 1a). 

Acoustics was first combined with capillary bridges by Marr-Lyon 
et al. [62,63], to actively suppress instabilities. The combination was 
later used by Wood et al. [45,46] to form arrays in open sided chambers 

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 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. 
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and similar methods were used by Wiklund [16]. There has been more 
explorations of capillary bridges in non-acoustic microfluidics, often 
with flowing systems [64–66]. The liquids are stabilised by being pinned 
either to a surface [66–68] or to threads which act as the fluid guides 
[69]. The free walls are formed from either air [64,65,67,69] or an 
immiscible fluid [67,68,70–72]. In our system, the two free liquid sur-
faces are in contact with air as shown in Fig. 1. A discussion of our 
capillary bridge is presented in the Appendix B. 

1.5. Sound delivery 

The delivery of the sound from the PZT through the edge of the 
microscope slide as shown in Fig. 1a is another unusual feature of our 
platform. A thin layer of water or an ultrasonic gel was added creating a 
wet junction which is a reliable acoustic connection [73–75]. An 
acoustic edge connection method has previously been described [76] 
with two PZTs glued at right angles to a glass plate. We do not use glue, 
to avoid its energy loss and damping effects. The water junction avoids 
progressive changes with use and facilitates slide removal and system 
adaptations. 

2. The physical node formation models 

2.1. Current models of node formation with leaky waves 

We summarise the current descriptions of node formation in the bulk 
fluid of soft-walled channels with the following five explanations i) The 
nodes are not produced by a resonance in the fluid [7,38]. ii) Waves 
emitted from the solid substrate interfere to form the nodes [38]. iii) The 
node separation is governed by the acoustic wavelength of the substrate 
[5,38,47,48]. iv) Waves leaking from a solid substrate are refracted 
(Snell’s law). A standing wave in a solid leaks two waves at opposing 
angles into the fluid. They interfere to form the nodes (see Appendix C 
Fig. A1b and Appendix G) [7,42,77–79]. v) A travelling wave in the solid 
substrate will form similar node patterns from the interference of curved 
(diffracted) and planar (direct) waves when they pass the channel edge 
[5]. 

Our model for capillary bridge channels (NTM-1 and Fig. 1b) in-
corporates many of these observations and mechanisms and extends ii - 
iv to include node separation and alignment produced by the effects of 
mass-loading. It identifies stress antinodes as the sound emission points 
and this allows the location of nodes to be found in the fluid. A wave-
guide is predicted in the substrate, and the fluid is found to not act as 
waveguide. This contrasts with the model based on diffraction from the 
channel edges (v) described by Devendran et al. [5], where fluid acts as 
waveguide and no standing wave forms in the substrate. 

2.2. Node Theory model NTM-1: Nodes formed with leaky waves 

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

The following steps are shown schematically in Fig. 1b. 
In the glass at a normal (y) to the glass-water interface: 
(1)The water-loading adds mass to the glass [10]. In acoustic terms 

there is an increase in glass density in the local region normal to the 
water contact. 

(2)The added mass increases stress normal to the glass –water 
interface (σy) and decreases the wavelength in the glass, which reduces 
the distance between σy nodes (Appendices D and F). 

(3)All boundaries initiate the alignment of the acoustic nodes and 
therefore alignment occurs at the edge of the added mass regions. Some 
wave order spreads across the whole plate from each boundary. In the 
narrow regions such as the mass-loading normal to capillary channels, 
geometric options are limited and most nodes are aligned to follow the 
channel. 

In the capillary bridge fluid: 

(4)Acoustic antinodes in the glass (maximum σy component) act as 
sound sources which emit pressure waves into the water. Linear anti-
nodes produce cylindrical wavefronts in the fluid. 

(5)The pressure waves form an interference pattern (Appendix C) its 
nodes make contact with the glass where the stress σy component nodes 
reach the glass surface. The interference pattern is similar to Young’s 
fringes in the Double-Slit Experiment except here each emitter is 180◦

out of phase with its neighbours. 
(6)Acoustic radiation attracts yeast cells to the pressure nodes. 

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

This node forming mechanism is seen in channels with a fluid depth 
much less than half the acoustic wavelength, and is shown schematically 
in Fig. 1c. 

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

(2)The wave velocity in the polystyrene sheet is lower than in the 
water (Appendix Fig. A2). 

3)Evanescent waves are formed, because the higher velocity lateral 
displacements in the fluid cancel adjacent propagation (leakage) of 
waves with opposing phase and displacements return to the solid [57] 
(see Appendix G). 

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

(5)Acoustic radiation attracts yeast cells to the pressure nodes on the 
surface. (The force may be a second order term [52]). 

3. Methods 

3.1. Experimental details 

Capillary bridge and frame. The liquid capillary bridge channels 
(Fig. 1a) were formed between a glass microscope slide (the wave guide) 
and a 0.05 mm polystyrene film (Goodfellow). The film formed the fluid 
guide and surface tension prevented the liquid spreading beyond its 
edges. Using an approach similar to Xurography technology [80,81] the 
film was cut to the required shape with a plotter cutter (Brother 
ScanNCut CM900). Corners of the guide were given a minimum radius of 
1 mm because sharper corners cause liquid to form pools and leak away 
[64]. In this study, three different liquid guides were made. (1) A single 
straight channel (3 mm wide × 40 mm long). (2) A single straight 
channel (10 mm wide × 20 mm long). (3) two straight channels in a 30◦

“V” shape (each 3 mm wide × ~ 40 mm long). The fluid guide film was 
kept flat and parallel to the glass wave guide over the whole area. To 
hold the film and stretch it tightly, the film was made longer than the 
channel and passed through interlocking corrugated grips 10 mm 
beyond the working area. 

The microscope slide (25 × 76 × 1 mm) was pushed against a PZT 
plate using a spring clip. A drop of water added to the PZT-glass junction 
produced a wet junction. A sound frequency near 1 MHz was used for all 
the experiments. To ensure the PZT and microscope slide were free to 
vibrate but not held loosely, minimal supports were formed from 1 × 1 
mm columns which were 3D printed (Creality Ender 3). With this grip 
method, the microscope slide can be considered to be a vibrating-plate, 
simply-supported along the edges by the PZT and the clamp [10]. Two 
main channel depths of 0.2 and 0.75 mm were used in this study. These 
depths (i.e., the distances between the glass wave guide and the poly-
styrene fluid guide) were set by the length of the columns supporting the 
microscope slide. For the depths used in Figs. 5 and 6, plastic sheets of 
the required thicknesses were cut to form spacers. Apart from the mi-
croscope slide, the PZT, the polystyrene film, screws and a spring, all the 
other chamber components were made using a 3D printer. 

The bridge was filled by pumping fluid through inlet holes in the 
fluid guide (see Fig. 1a). After filling, the shape of the side meniscus was 
adjusted to be near vertical using a pipette or the pump. Evaporation 
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was not controlled since there is less than 50 % fluid loss after 30 min 
with the sound on. A similar evaporation rate has been measured in 
levitated droplets which lose 50 % of their volume in 5 min from 1.4 mm 
diameter droplets [82]. 

Sample preparation. Dried yeast (S. cerevisiae, Allinson, Peterborough, 
UK) was added to water and mixed after 10 min. The cell concentration 
was adjusted by diluting with water to approximately 3 × 107 ml− 1. The 
diameter of these reconstituted cells was ~ 5 µm [83]. 

Ultrasound generation. Ultrasound was produced using a 25 mm 
diameter × 2 mm thick PZT with a nominal operating frequency of 1 
MHz. It had a full front electrode and a 12.5 mm diameter back elec-
trode. Electrical contacts were made through M4 spring ball grub 
screws. A function generator (Agilent 33220A) was used to produce the 
signal which was amplified with an ENI 240L amplifier. 

3.2. Numerical modelling details 

Numerical simulations were performed using the commercial soft-
ware package COMSOL Multiphysics (5.6). The geometry was defined as 
a three-dimensional model of the ultrasonic device including the PZT 
disk, wet junction (a 50 µm layer of water between the PZT and glass 
slide), microscope slide, fluid and polystyrene film, with one to one 
scale. Discretization of the computational domain was performed using 
~ 55000 elements, including hexahedron elements for the glass slide, 
fluid and fluid guide parts and tetrahedron and pyramid elements for the 
PZT disk. A mesh dependency analysis was performed to verify that the 

computational grid is fine enough not to influence the results. 
To simulate this multi-physics system including the piezoelectric 

effects, the solid mechanics and the acoustic fields in the fluid, several 
modules were used. To model the piezoelectric effects, Maxwell’s 
equations were solved for the PZT disk with known values for voltages as 
the boundary conditions. All the solid parts (including the glass slide, the 
fluid guide and the PZT disk) were modelled using Hooke’s law as the 
governing equation with proper boundary conditions of free, fixed and 
roller constraints on each of the corresponding solid surfaces and the 
results such as displacements, stresses velocities and accelerations were 
computed. For the fluids, the acoustic pressure, intensity, acceleration 
and velocity were obtained by solving the Helmholtz equation with 
impedance and radiation boundary conditions for the corresponding 
properties. We used the finite element method (FEM) to discretize the 
governing equations and the multifrontal massively parallel sparse 
(MUMPS) direct solver was used to solve the governing equations of the 
system, both of which are integrated in COMSOL software [84–86]. 

To predict the behaviour of the whole three-dimensional system, it is 
important to correctly model what happens at the solid–fluid interfaces, 
where the structural acceleration of the solid walls acts on the fluid and 
the acoustic pressure field inside the fluid causes a load on the solid 
walls. In our acoustofluidic system, the ultrasound causes movement of 
the solid wall, which in turn causes the propagation of sound waves into 
the fluid. In this case, a two-way coupling between the fluid channel and 
the solid walls was used to realistically simulate the system which in-
cludes the structural acceleration as experienced by the fluid and the 

Fig. 2. Slide and 0.75 mm deep × 3 mm wide 
capillary bridge. Top views, experimental results: 
(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) 1.02 MHz 
produces a complex pattern of yeast lines. Simula-
tion results: (c) Pressure in the water, mid-plane 
0.375 mm from the microscope slide. (d) Pressure 
in the water at a frequency which produces a similar 
pattern to (b). (e) σy in the glass slide, central sec-
tion, plane 0.25 mm from the glass-water interface. 
Y-Y’ line is the section plotted in f and g. (In (f) the 
red-blue discontinuities at the σy–pressure interface 
is a misleading effect produced by no direction 
component in pressure (water). There is no discon-
tinuity in a plot of Acceleration y in the water, not 
shown here.) (h) Intensity (Iy) in the water, mid- 
plane, and (i) σy of polystyrene near air.   
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fluid load on the solid walls [84–86]. 

4. Results and discussion 

4.1. Particle patterns formed within the capillary bridge 

After the ultrasound is turned on, the suspended yeast cells within 
the capillary bridge start forming clumps or lines which are clearly 
visible within one second (Fig. 2a and b). The patterns usually first 
become visible in the region normal to the PZT contact, then spread 
along most of the 40 mm channel over a period of 1–10 s, they then 
remain stable for more than 30 min. All of the photographs shown here 
were taken 30–180 s after the sound was turned on. There was no 
pumped flow in any of the pictures and therefore patterns represent the 
acoustic action. 

In the 3 mm wide × 0.75 mm deep bridge, the yeast cells form three 
lines stretching along the length of the channel at most frequencies near 
1 MHz (Fig. 2a). Superimposed on this major three line pattern, there are 
two minor patterns; one of these is short regions of disorder without 
lines which occur at regular intervals, the other is a sinusoidal 
displacement of the lines. A slow frequency sweep changed the minor 
pattern locations (at intervals of approximately 10 kHz) but at most 
frequencies the three lines remained present. At larger frequency in-
tervals (approximately 100 kHz), these three lines were replaced by 
random patterns for a few kHz such as the disrupted honey-comb pattern 
as shown in Fig. 2b. This paper investigates the origin of the three lines 
and not the disrupted honey comb pattern or the sinusoidal pattern. 

A fourth line is expected when the frequency is increased by 
approximately 1/3 and a fifth line with a further frequency increase of 
1/4 and so on. This has been confirmed at frequencies where the PZT is 
resonant and able to supply sound to the system. Observations are 
simplified for this paper by only using frequencies near 1 MHz where the 
PZT output is large. The retention of the three lines across a wide fre-
quency range indicates that the lines are not produced by a resonance in 
the fluid. 

The yeast cell suspensions in Fig. 2a and the simulations of pressure 
in the water in Fig. 2c show similar patterns. The main three lines 
feature is lines of yeast cells in the experiment and is pressure nodes in 

the simulation. The experiment and simulation also possess the same 
minor features of disordered regions at regular intervals and sinusoidal 
deviations along the channel’s length direction. Computational simu-
lations are clearly good representations of the experimental results and 
for this paper they will be treated as valid representations of the 
experimental system. 

Fig. 2f shows node continuity between σy and pressure across the 
glass-water interface. Plots of other stress components or non- 
directional metrics of the glass such as pressure (not shown) have 
either no continuity or, less continuity with pressure nodes in the water. 
One result of this continuity of the node line is that the node–node 
separation distance is the same on either side of the high-low sound 
velocity interface. The equal node separation extends at least 0.25 mm 
from the interface (this can also be seen in Fig. 2 (c and e)). Further into 
the glass, the nodes become slanted (Fig. 2 (f and g)) as their separation 
increases towards the the usual half wavelength separation of anti- 
symmetric (A0) waves in glass (the A0 wavelength is calculated in 
Section 4.4: An analytical calculation for water loaded glass). 

This reduced node separation observed in the glass at the glass water 
interface is described in NTM-1, Fig. 1b (steps 1 and 2) and Appendix F 
as the product of an effective mass increase in the glass caused by the 
water-load [10]. The loading reduces the velocity (also wavelength and 
node separation) of sound in the glass. Loading acts in the normal di-
rection (y) and therefore the reduction in wavelength is seen in the stress 
component σy. We need to note that the average distance between the 
three lines of yeast cells or nodes is near to 0.75 mm. This distance is the 
half wavelength of 1 MHz sound in water. Therefore this node separa-
tion can lead to the incorrect assumption that there is a resonance in the 
fluid. Our further results show that a resonance in the fluid is unlikely to 
be present. 

In addition to the node separation reaching a minimum at the glass- 
water interface, Fig. 2 (e and f), the stress σy in the glass is much higher 
in the region of the glass-water interface than in the surrounding glass. A 
small increase in stress is expected as a direct result of the mass-loading, 
we suggest that a larger increase comes from wave trapping (or wave- 
guiding). The water layer has produced a flat overlay type waveguide 
[87,88]. In this waveguide mechanism, at the interface between the low 
velocity glass (water-loaded) and the high velocity glass (unloaded), 
sound waves can pass from the high to low velocity regions but they are 
reflected when travelling from the low to high velocity regions. This 
evanescent effect (evanescent waves are described in Appendix G) traps 
the sound, producing a high amplitude in the water-loaded regions of 
the glass. 

Waves are emitted into the fluid from the antinodes of the stress σy on 
the glass surface. Nodes form in the fluid normal to the glass surface 
where these sound waves interfere; this is described in NTM-1 (step 4) 
and is shown in Appendix Fig. A1d. The glass σy to water pressure, node 
continuity (Fig. 2f) occurs because adjacent emitters (antinodes in the 
glass) are 180◦ out of phase (NTM-1 step 5). It should be noted that this 
alignment is different to Young’s fringes in the double slit experiment 
where the sources are in phase and the nodes are displaced by half a 
wavelength. In our capillary bridge system, the waves are emitted into 
the water by near linear σy antinodes in the glass, therefore the waves in 
the water form concentric cylindrical wave fronts NTM-1 (step 4). These 
cylindrical waves produce vertical planar interference nodes and when 
viewed from above, the planar nodes appear as the three parallel lines 
seen in Fig. 2 (a and c). 

A meniscus produced in the experiments prevented the formation of 
precisely vertical liquid walls. To investigate the effect of a curved wall a 
large (0.75 mm wide) meniscus was included in the simulation (Fig. 3 (a 
and b)). The presence of the meniscus did not prevent the qualitatively 
similar to those from the simulations without the meniscus, and nodes 
remained aligned along the water–air interface. Curved walls would 
prevent a good wall-to-wall resonance and since the curves have very 
little effect on the observed nodes, the resonance does not appear to be 
present. The result therefore further supports the NTM-1 model of 

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) σy in the glass 
at 0.25 mm from the water interface. 
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interfering waves emitted from a single flat surface, which would not be 
affected by the meniscus. 

4.2. Wave direction with an angle between the channel and the PZT 

To determine if it is the edge of the capillary bridge or the PZT 
orientation that governs the node line direction; two channels were 
placed at + 15◦ and − 15◦ angles to the PZT plate as shown in Fig. 4. 
Results showed that the lines of yeast cells in the experiment and the 
nodes in the simulation are both aligned with the edge of the water and 
not the face of the PZT or the edges of the microscope slide (Fig. 4 (a, b 
and c)). This alignment (or wave steering) to the orientation of the 
channel is seen to a small extent across the entire slide (Fig. 4c) but is 
most pronounced within the channel boundary. The mechanism 
responsible for the node alignment in NTM-1 is the interface between 
low and high velocity regions of the glass produced by the water mass. 
Channels have two interfaces and this further increases node alignment. 

Fig. 4. Channels placed at angles to the PZT. Capillary bridge channels, 3 mm 
wide × 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) σy 
(out of plane stress) on the surface of the glass. 

Fig. 5. 10 mm wide capillary bridge. Yeast patterning experiments paired with 
simulation cross sections (showing central section of the 25 mm wide side). The 
node line positions are indicated with coloured dashes. a and b) 0.96 mm water 
depth, number of node lines NNL 12, λ (NS × 2) 1.7 mm. c and d) 0.13 mm 
water depth, NNL 12, λ 2.5 mm. Cross sections show σy in the glass and pressure 
in the water. (The red-blue discontinuities at the σy–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). 

Fig. 6. Water depth effects on wavelength, near 1 MHz. (Measured from pic-
tures. 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. 

Table 1a 
Material properties used with simulations and analytical calculations.     

Glass microscope 
slide 

Polystyrene Water 

E Modulus of Elasticity GPa 73.1 3.5 - 
ρ Density kg 

m− 3 
2200 1060 999.62 

c Speed of sound, Bulk 
velocity 

m s− 1 5970 2350 1480 

ν Poisson’s ratio - 0.17 0.34 0.5  
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4.3. Effect of water depth on node separation 

Experiments up to this point with the 0.75 mm deep channel have all 
shown the same node separation (NS) at the glass-water interface. The 
next experiments explore NS when the water-load is changed by 
changing water depth. Three different sources were used to measure NS: 
yeast lines, nodes lines of σy in the glass and nodes lines of pressure in 
the water. 

NS measurements were obtained from the channel width (CW) 
divided by the number of node lines NNL, NS = CW / NNL (mm). To 
reduce the influence of channel width on the number of node lines 
(which increase in integer steps), a wide channel is needed. However, 
parallel nodes form less frequently as channel width increases. A 10 mm 
wide channel was selected as a compromise between a wide channel and 
a reliable production of parallel nodes. Channels were constructed at 
three different water depths of 0.13, 0.40 and 0.96 mm for the physical 
experiments. Seven water depths of 0, 0.13, 0.20, 0.50, 0.75, 0.96 and 
1.00 mm were chosen for the simulations. Fig. 5 compares two depth 
using two pairs of experimental and simulation results. There is a clear 
reduction in the node separation as the water depth increases. The 
measured NS values are 0.85 mm at a water depth of 0.96 mm and 1.25 
mm with 0.13 mm deep water. Based on the NTM-1 and Appendix 
Fig. A1d, nodes are produced by a standing wave in the glass with a 
wavelength of 2 × NS. Therefore Fig. 6 is able to combine data points 
from experiments and simulations of both the 10 and the 3 mm wide 
bridges, by presenting them all as wavelengths. The data points are 
widely scattered but show a decrease in wavelength with increasing 
water depth. 

Measurement difficulties account for most of the data scatter in 
Fig. 6. For example for the 0.13 mm water depth (Fig. 5c), a line count is 
difficult to do due to the existence of evanescent waves (see section 4.6) 
which divides each node lines into two lines in the central region of the 
picture. Here NNL was obtained from the side section, as indicated. 
Future experiments may be able to achieve better accuracy by changing 
the liquid and wave guide materials or dimensions. 

4.4. An analytical calculation for water-loaded glass 

The curve in Fig. 6 presents the analytical calculations of the 
wavelengths of the anti-symmetric A0 wave in the glass microscope slide 
with water loads up to 1 mm depth. The wavelength on the width axis of 
a dry slide (a slide without a capillary bridge) provides the first point on 
the curve. The A0 wavelength for the microscope slide “simply sup-
ported on both sides” was calculated using the energy (Rayleigh) tech-
nique[89] given by Eq. 11–21 in Blevins [10]. The first step finds the 
number of nodes (i and j) in the microscope slide across its width (W) 
and length (L) axes respectively. These are calculated as a coherent unit: 

fij =
π
2

[
i4

W4 +
j4

L4 +
2i2j2

W2L2

]1/2[ ET3

12γ(1 − ν2)

]1/2

(1) 

where γ is the mass per unit length ρT, ρ is density, T is thickness and 
E is Young’s modulus. Values are given in Tables 1a and 1b. 

The method we used to find j (the number of nodes parallel to the 
long sides) at 1 MHz was to initially set the value of i (the number of 
nodes parallel to the short sides) to 14. This is the number of nodes at 1 
MHz in the simulation with a 0.2 mm deep water channel (shown in 
Fig. 7c). It was used because a clear grid of nodes was formed. A clear 
grid is not produced on the dry slide (Appendix Fig. A3) or the slide with 

Table 1b 
Material dimensions (m) used with the simulations and analytical calculations. 
Calculated half-wavelengths λ/2.    

Glass microscope 
slide 

Polystyrene Water 

L  Plate length 76 × 10-3 40 × 10-3 - 

W Plate width 25 × 10-3 3 × 10-3 - 
T Plate thickness 1 × 10-3 5 × 10-5 0.2 / 0.75 ×

10-3 

λ/2 at 1 
MHz 

A0 (Eq. (1)) 1.31 × 10-3 - - 

λ/2 at 1 
MHz 

A0 (Beam Eq. 
[10]) 

- 2.34 × 10-4 - 

λ/2 at 1 
MHz 

From c/2f - - 0.75 × 10-3  

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 re-
sults of (b) Pressure: in the water near the glass. (c) σy 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) σy at the polystyrene surface in contact with air. 
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a 0.75 mm deep water channel (Fig. 2e). It appears that the uninter-
rupted width of the dry slide allows minor pattern deformations to 
propagate whilst, the large step-change in the wave velocity with the 
0.75 mm deep water-loading produces a Rayleigh leak angle which 
significantly deforms the nodes in the glass. A thickness of 0.2 mm for 
the water is a compromise which forms a near optimum grid 
arrangement. 

Resonant frequencies calculated from Eq. (1) for all j values between 
0 and 40 are plotted with their wavelengths (2 W/j) in Appendix Fig. A2. 
From the graph j = 19, at the closest point to 1 MHz. 19 is the same as the 
simulation results shown in Fig. 7c. The wavelength on the dry 25 mm 
microscope slide at 1 MHz is therefore (2 × 25)/19 = 2.63 mm (plotted 
in Fig. 6). The only assumption required to fit Eq. (1) with Fig. 7c was 
that no water was present on the slide. The presence of the small water 
channel in the simulation may add one node across the entire width, 
leading to a potential inaccuracy of 0.14 mm (2.63/19), ~5 %. 

The density element in Eq. (1) is increased to obtain the effect of 
water-loading, shown by the curve in Fig. 6. Starting with no water as 
described for the dry glass slide (with i = 14), the water-load was added 
to the density component ρ in proportion to the water mass on the 1 mm 
thick glass slide. For example, if the glass density is 2200 kg m− 3 and the 
water density is 1000 kg m− 3, the loaded density on a 1 mm glass slide 
with a 0.2 mm water layer is 2200 + (0.2 × 1000) = 2400 kg m− 3. The 
curve from this basic method for adding small amounts of mass 
approximately follows the scattered data points in Fig. 6. The calculation 
also predicts that an increase in the water depth from 0 to one water 
wavelength deep, will reduce the wavelength in the glass from the A0 
wavelength of the glass λg (2.63 mm) to near the wavelength in water λw 
(1.5 mm). 

4.5. Yeast cell patterning in shallow bridges 

In a 0.2 mm deep capillary bridge, yeast cells gather along two 
straight lines (Fig. 7a) whereas in the 0.75 mm deep water (Fig. 2) they 
gather along three lines. We have already shown that this is due to 
increasing water-loading reducing the node separation in the glass. The 
simulation of nodes across the whole slide (Fig. 7c) shows a grid which is 
significantly more uniform than the grid formed with the 0.75 mm deep 
water (Fig. 2e). This reduced distortion appears to be due to the smaller 
leak angle of waves crossing the interface between the water loaded and 
unloaded regions of the glass. 

Although the simulation produces a regular grid pattern, the two 
lines of yeast cells are difficult to see in Fig. 7a. The low levels of yeast in 
these lines is due to a combination of factors: There are fewer yeast cells 
available in the lower channel depth; the radiation force may move 
particles to the bottom and top walls [9]; some yeast cells have been 
removed from the lines to form small clumps which appear as dots. 

4.6. Patterns produced by evanescent waves 

A pattern of small yeast cell clumps at approximately 0.25 mm 
separation is formed with the 0.2 mm deep bridge (see Fig. 7a), these 
appear as small dots. This pattern is not seen in the simulation of pres-
sure in Fig. 7 (b and d). It was also not produced with yeast cells in the 
0.75 mm deep bridge. However, arrays of dots are produced in simu-
lations of σy in the polystyrene these occur in channels with water depths 
of both 0.75 and 0.2 mm (Fig. 2i and 7 g). A pattern of dots is also 
produced in intensity Iy (a measure of power density, 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 mm deep water (Fig. 2h). The section views (Fig. 2g and 7e) show 
that inside both channels Iy reaches its maximum value at the poly-
styrene surface and falls to near zero beyond 0.1 mm from the surface. 
This location at the surface of the polystyrene suggests that the small dot 
formations are created by an evanescent field on the polystyrene surface. 
The main condition for an evanescent wave is a lower sound velocity in 
the liquid that the solid. It was confirmed that the polystyrene does have 

Fig. A1. 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 θleak, 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 180◦ out of phase interfere with nodes (green) and anti-
nodes (orange) at fixed horizontal locations. 

Fig. A2. 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 × 40 mm long) calculated from the beam equa-
tion [10]. 

Fig. A3. 40 mm section of the microscope slide with no water channel, driven 
by a PZT. COMSOL simulation of σy, inside glass 0.25 mm from outer face at 
1.01 MHz. 
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a lower wave velocity than the speed of sound in water (1500 ms− 1). A 
wave velocity for an A0 wave in the polystyrene of 400 m s− 1 was ob-
tained from the beam equation [10] plotted in Appendix Fig. A2, this is 
similar to the velocity (500 m s− 1) obtained by assuming the dots are at a 
half wavelength separation. These evanescent waves form nodes where 
they interfere in the fluid. It is similar to the node formation from leaky 
waves, except the nodes form on or very close to the polystyrene surface 
and therefore they attract the cells to the surface. Aubert et al. [51] 
observed that nodes of evanescent (Scholte) waves align to a meniscus 
edge and claimed that these waves were reflected by the meniscus. They 
also stated that the mass-loading from the water influenced the wave 
velocity in the thin sheet. Following our interpretation of the leaking 
wave alignment along mass-loading steps, we suggest that the meniscus 
is not the evanescent wave reflector. The evanescent wave alignment 
observed by Aubert et al. is a demonstration that mass-loading steps also 
align evanescent waves. 

5. Conclusions 

In this paper, we have shown that at the glass-water interface σy 
stress nodes in the glass join to the pressure nodes in the fluid. This node 
continuity across the interface raised the chicken and egg conundrum of 
where the node pattern first formed. We have presented a model (NTM- 
1) where the water-loading reduces the distance between nodes in the 
solid and the node pattern first forms in the glass. The same node pattern 
then forms in the fluid. The replica node pattern is, interference between 
waves emitted into the liquid from antinodes in σy on the solid surface. 
These nodes in the fluid are easily mistaken for nodes produced by a 
resonance formed by reflections at the fluid’s walls. We demonstrated 
that the node–node distance is dependent upon the fluid depth. This is 
not consistent with a resonance in the fluid but is consistent with our 
model where mass-loading by the fluid changes the wavelength in the 
glass substrate (see Eq.1). 

We also find that water-loading produces a wave guide in the sub-
strate which aligns nodes with the edge of the load but in a counter 
mechanism node distortion increases as the step change in mass-loading 
increases with water depth. This distortion is clear with our water–air 
step in mass-loading. From this we predict that when sidewalls are 
present the change in mass-loading is small such as at a water-PDMS 
interface and water depth will have less influence on node distortion 
(although damping is expected to reduce efficiency in systems with 
sidewalls). 

The resonance in our system was formed in the wide glass substrate 
and not the narrow water channel of the capillary bridge. The multi- 
wavelength width of the glass substrate is helpful from an applications 
viewpoint since longer sound paths increase the number of resonances 
where the device can operate and this gives it more temperature stability 

than devices which have a single resonance in a narrow fluid channel. 
The broad frequency range could give new design paths for applications 
such as tweezing where node stability during frequency changes are 
required [90]. Acoustic particle attraction to thick resonant glass sur-
faces has previously been considered for enhancing rapid immuno-
sensors [91,92], this thick glass attraction only operated over a very 
narrow frequency range. The second model in this paper NTM-2 is 
concerned with acoustic attraction. Particles are attracted by evanescent 
waves to the thin polystyrene film of the capillary bridge over a wide 
frequency range. 

The acoustofluidic capillary bridge was built from only an unmodi-
fied microscope slide (a minimally damped waveguide), a 3D printed 
holder, a cut-out polystyrene sheet, some screws and a PZT. This simple 
construction could potentially be developed to produce either particle 
separators, by using water depths near half a wavelength. Or, with water 
depths of less than a quarter wavelength, its ability to attracts particles 
to a surface and could be developed to enhance surface based immu-
nosensors and cell sensors. 
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Appendix 

Methods – equations and theories  

A. Capillary bridge stability 

Capillary bridges created as straight sided liquid columns between two axial discs, radius R, are stable in 0 g at lengths (L) up to the Rayleigh 
Plateau limit to L = 2πR[62]. Gravity displaces the liquid downwards in both vertical and horizontal cylinders and breaks large bridges by overcoming 
the surface tension. A Bond number (B) greater than 1 signifies this instability where gravitational effects will overcome interfacial tension. 

B = (ρi − ρo)
gR2

γ
(A.1) 

The maximum vertical length for either R, or L is the capillary length Lc[98]. 

Lc =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
γ

(ρi − ρo)g

√

(A.2) 
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Inserting the parameters for our capillary bridge we obtain: 
γ = interfacial tension; water–air = 0.072 N m− 1, g = acceleration due to gravity 9.8 m s− 2, ρi = density of water 1000 kg m-3ρo = density of air 1.2 

kg m− 3. 

Lc =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.072

(1000 − 1.2).9.8

√

= 2.7x10− 3m 

The capillary bridges in this paper are cuboids and not cylinders but a similar capillary length is expected. 
Our water contains cells which will reduce γ. To show these do not disrupt the bridges the extreme case of soapy water γ = 0.025 N m− 1 [99] is 

considered, here Lc = 1.6 mm. The vertical lengths we use are; 0.2 and 0.75 mm, both of these are therefore within the region where gravity does not 
destroy the cell suspension filled capillary bridges.  

B. Reliability of capillary bridges 

Capillary bridge channels between solid surfaces and flexible liquid guides are a new development for acoustofluidic and microfluidic applications. 
The following list of questions and problems may be the reason for this lack of development: 

1. It appears that liquid might fall out. 2. Difficult to control unwanted wicking effects. (a. Withdrawal of fluid from a deep bridge to a shallow 
bridge. b. Pooling between arms of sharp channel corners.). 3. Surfactants may limit their use. 4. Sound vibrations may destroy or alter the air-fluid 
walls. 

These problems can all be addressed at the design stage and need not affect operation. 
The solutions are: 
1. The bridge height should be less than the capillary length. See Appendix A. 2. Control of wicking effects. a. The channel should be fully filled. b. 

1 mm corner radius is usually required[64]. 3. Soaps and detergents reduce the capillary length by approximately 50 %. This is not a problem for 
capillary bridges less than 1 mm deep see Appendix A. 4. Movement of the wall is only seen at high power in systems with low frequency vibrations. 

The bridge design used in this paper is stable if used horizontally. Stability could be increased with hydrophobic coatings on the glass either side of 
the channel [64], this was unnecessary for our requirements.  

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

Nodes and standing waves in some acoustofluidic systems are illustrated as parallel lines emerging from flat vibrating surfaces [100]. Physically 
more accurate illustrations show waves leaking (at the Rayleigh angle θleak, see Appendix G) from surfaces Fig. A1a or, leaking in both directions from 
a resonant surface or standing–SAW Fig. A1b[8,79,93,94]. Devendran et al. [5] introduce an interactions between linear and circular wavefronts. The 
description below takes this a step further by considering waves emitted from antinodes on a glass microscope surface. Unlike the Huygens-Fresnel 
principle where in-phase emitters produce linear waves parallel to the surface, each emitter (antinode) on the glass is surrounded by emitters 180◦ out 
of phase. At distances up to half a wavelength from the surface these waves interfere to produce nodes normal to the surface. 

Our model assumes A0 modes, these have the shortest wavelength in the undamped microscope slide. Stress (σy), antinodes of A0 waves are the 
origin points for pressure waves into the water. The leak and propagation process can be described by either of the b or d representations in Fig. A1. 
The same pattern of nodes normal to the glass surface is produced by both representations. The circular wavefront representation (Fig. A1d) is 
preferred here, it indicates the position of the emitters the phase difference between adjacent emitters and shows nodes separated by half an A0 glass- 
wavelength.  

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

Wavelengths shown in Fig. A2 were calculated from the data given in Tables 1a and 1b.  

E. Wave guide simulation 

Fig. A3 is a simulation of a simple slide without water driven at 1 MHz. The nodes on this dry slide have not formed a well ordered array, however 
as far as can be discerned the wavelengths are similar to the 14x19 array formed on the slide with 0.2 mm of water (Fig. 7c).  

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

This is the effect that causes a fall in the resonant frequency of wine glasses as liquid is added and, the frequency change in a quartz crystal 
microbalance when mass is added. 

Water in contact with the glass surface adds mass to the surface. The mass acts normal to the slide surface. Since, the natural frequency of the plate 
is inversely proportional to the square root of its mass[10], water reduces the wavelength in the glass. Formulae for the added mass of infinite water 
bodies are available[10] but these cannot predict the change in wavelength produced by our very thin water layers. Therefore Section 4.4 describes 
our method of simply adding water mass to the standard method (Eq. (1)) for obtaining a plate resonance.  

G. Leaky and evanescent waves 

The Rayleigh leak angle θleak (also called the angle or refraction given by Snell’s law) of the planar waves in Fig. A1(a and b) is obtained from 
[95–97]: 

θleak = sin− 1
(

λfluid

λplate

)

= sin− 1
(

vfluid

vplate

)

(G.1) 
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Where λ is the wavelength and v is the velocity. Waves emerge from solids at the Raleigh angle so that the longer wavelengths in the solid and the 
shorter wavelengths in the fluid achieve the same phase at all contact points. (as shown in Fig. A1(a and b)). At leak angles greater than 90◦ (the critical 
angle) the wave returns to the solid and does not propagate through the fluid. The wave may propagate up to half a wavelength into the fluid before 
returning to the solid. 

In our capillary bridge the polystyrene film could be modelled as a beam, a plate or a membrane. Since the tension is unknown the higher precision 
from the membrane method is not justified and to approximate the wavelength the Pinned-Pinned beam method is used[10](p108). The wavelength of 
50 µm thick polystyrene without added water mass is shown in Fig. A2. 
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