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Introduction  

Recently, piezoelectric thin films including zinc oxide (ZnO) and aluminium nitride (AlN) have found a broad 

range of lab-on-chip applications such as biosensing, particle/cell concentrating, sorting/patterning, pumping, 

mixing, nebulisation and jetting. Integrated acoustic wave sensing/microfluidic devices have been fabricated 

by depositing these piezoelectric films onto a number of substrates such as silicon, ceramics, diamond, quartz, 

glass, and more recently also polymer, metallic foils and bendable glass/silicon for making flexible devices. 

Such thin film acoustic wave devices have great potential for implementing integrated, disposable, or 

bendable/flexible lab-on-a-chip devices into various sensing and actuating applications. Compared with 

acoustic wave devices made of bulk piezoelectrics, the advantages of using thin film piezoelectrics include 

[1,2]: (1) potential integration with microelectronics and integrated circuits; (2) flexibility in applying 

substrates including those bendable, flexible or wearable ones; (3) flexibility to grow various oriented films 

for multiple wave mode generations; (4) reliability with less chances for device fracture.  
 
Flexible and wearable thin film acoustic wave biosensors 

Thin film acoustic wave devices have been used for detection of adsorbed biomolecules, viruses, bacteria and 

cells on surfaces through the interactions of DNA with complementary strands, antibody with antigen etc, and 

specific recognition of protein-ligands by immobilized receptors. This affinity-based detection concept can be 

utilised to diagnose early stages of diseases and cancers, allowing for early intervention and measures to be 

taken to prevent further development of illnesses and spreading of cancers. Recent developments in thin film 

acoustic devices have been focused on: (1) Sensors prepared on cheap and commonly used substrates to reduce 

the cost, or new substrate materials to introduce novel functionality, or flexible substrates for wearable and 

wireless applications; (2) High frequency sensing with improved sensitivity; (3) Shear-wave or Love mode 

based thin film devices for liquid sensing; (4) Development of various sensing layers/material systems; (5) 

Integration with acoustic streaming and microfluidics to form the LOC systems. Some of the flexible acoustic 

wave sensor designs are shown in Fig. 1.  

 

        

 

Fig. 1. Thin film flexible acoustic wave sensing 

devices: (a) ZnO/polyimide; (b) ZnO/Al foil; (d) 

Testing of ZnO/Al devices (d) flexible FBAR device  

Fig. 2. ZnO/Si SAW based acoustofluidics: (a) Streaming from 

one IDT and (b) two IDTs; (c) vertical liquid jetting from one 

IDT; (d) jetting from a circular IDTs; € nebulization; (f) 

particle manipulation 



Thin film SAW based flexible acoustofluidics  

Recently, acoustic wave devices based on ZnO and AlN thin films have shown the same capability and better 

performance in some aspects and applications (for example in large RF power conditions). Substrates such as 

silicon, glass and polyimide (PI), on which the piezoelectric layer is deposited, play a significant role on the 

device performance in acoustofluidic applications. Fig. 2 shows the different acoustofluidic functions which 

can be generated from thin film SAW devices. Acoustic wave devices made of a ZnO film on Si typically 

generate Rayleigh and Sezawa modes, whereas those made with ZnO on glass only generate the Rayleigh 

mode due to the very close acoustic velocities of the glass substrate and the ZnO layer. Devices made from of 

ZnO film on a flexible PI substrate produced Rayleigh and Lamb modes. Devices made of ZnO film on Si 

provide the best transmission properties, and the best microfluidic performance in term of acoustic streaming 

velocity among the devices on these three types of substrates. Compared to devices made on silicon and glass, 

the flexible devices based on PI have an inferior performance due to the large acoustic attenuation of the PI as 

well as the large mismatch in acoustic impedance at the interface between ZnO and PI. Thin film based flexible 

devices on Al foils show a better microfluidic performance compared to those made on polymers.  

  
 

Flexible SAW devices would be ideal for the development of flexible and disposable lab-on-chip applications. 

Flexible SAW on PI substrate has demonstrated similar microfluidic functions such as streaming, mixing and 

particle concentration, with examples shown in Fig. 3. Flexible substrates such as polymers dissipate most of 

the energy from the acoustic source, leading to a major attenuation of the wave. Other problems associated 

with polymeric substrates are poor film crystallinity and poor adhesion of the thin piezoelectric film. A solution 

for this problem is to use a thin metal foil as the substrate. Flexible acoustofluidics based on aluminium foil 

could provide efficient microfluidic functions with the resonant frequencies from both the Lamb wave mode 

and Rayleigh wave mode. Fig. 3(c) shows one example of droplet jetting behaviour on a ZnO/Al foil device 

with significant pre-bending of the Al foil, revealing the efficient microfluidic functions. As the wave-liquid 

interaction is different from the conventional Rayleigh waves, liquid transportation on the ZnO/Al foil device 

generally leads to significant vibration and deformation of the droplets.  

 

Summary 

Both ZnO and AlN films are promising materials for the fabrication of fully automated and digitized 

microsystems with compactness, simple operation, precision, low cost, fast response, and reduced reagent 

requirement. This type of microsystem has multiple functions, yet it can be operated by a single acoustic wave 

mechanism, a unique characteristic no other microsystem can achieve. We foresee that such microsystems are 

capable of performing the complete task from delivering drops of bio-sample into the device through to the 

delivery of the detection results. Future directions should be focused on integration with new materials; 

integration with CMOS and other acoustic wave technologies; integration with other microfluidic and sensing 

technologies , and portable, wireless, flexible and remotely controlled devices 
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Fig. 3. (a) An illustration of flexible acoustic wave 

fluidic device designs; (b) Flexible SAW 

microfluidics on ZnO/PI substrate, showing a double 

vortex streaming pattern. (c) A snap shot of one 

example of droplet jetting behaviour on a ZnO/Al foil 

device with significant pre-bending of the Al foil, 

revealing the efficient microfluidic functions. (d) 

droplet pumping up on a bent and curved Al plates 

using SAW actuation 
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Introduction  
 
In this study, we investigate the 3D motion of polystyrene microparticles in a large-sized chamber with the 
height of 1 millimetre under the presence of standing surface acoustic wave (SSAW). Recently, there were 
reports showed the trapping and manipulating of microparticles by the pressure nodes which is movable in 
two-dimensions [1] or three-dimensions with the short height of the chamber [2]. However, there is no study 
exploring the distribution of microparticles within the millimeter-scale of chamber height. In this work, we 
discovered that acoustic radiation force worked effectively with microparticles to form 3D lines or crystal-like 
patterns. In addition, the microparticles were well-positioned at a specific vertical location if there was a 
balance of forces including acoustic radiation force, drag force, buoyant force and gravity exerted onto the 
microparticles. Furthermore, both experimental results and numerical studies showed that the acoustic 
radiation force was increased gradually from the bottom to the top of the chamber, and microparticles could 
be levitated to a higher position or fallen to a lower position by simply adjusting the applied SAW power. 
 
3D lines and patterns of microparticles using standing surface acoustic waves 

 
Figure 1: (a) Schematic of the experimental setup for the observation of the microparticle behavior from the side-view 
using a prism. (b), (c) and (d) are the microscopic images of the 10 µm-microparticles after the introduction of SSAWs 
with the input power of 3500 mW viewed from the direction of x, y, z, respectively (Scale bar: 200µm). (e) Radiation 
force potential, magnitude shown as color range from -6.27 x 10-17J (blue) to 3.92 x 10-15J (red). (f) Numerical results 
of 10 µm microparticles’ motion after 10s, there are 1421 microparticles with the distance of two adjacent microparticles 
is 20b µm in the beginning (0s). (g) 3D patterning of 10µm-microparticles using two pairs of IDTs. 
 
Our experimental configuration includes a pair of interdigital transducers (IDTs)  deposited on a piezoelectric 
substrate with a chamber bonded in the between of the two IDTs. The 10 µm microparticles dispersed 
uniformly in water were injected into the chamber. A prism was used for the side view observation (Figure 



1a). After the RF signal was applied to the IDTs, the microparticles started moving, and they were trapped into 
3D lines (red microparticles in Figure 1a). The experimental results from the x, y, and z-axis observation 
shown in 1b, c and d confirm the present the 3D lines. We have also employed a numerical model to 
understand the mechanism of the acoustic radiation force in this higher chamber. Whereas, Figure 1e and f 
show the potential of acoustic radiation force and the microparticle’s position after 10 s of activation, 
respectively. This simulation is well matched with the experimental results. In case of using two perpendicular 
IDTs, the microparticles were relocated, and they formed a 3D matrix structure with the nodes are composed 
of microparticles as shown in Figure 1g. 
 
Force analysis and the dependence of microparticles’ motion to input power 
 
This phenomenon can be briefly explained by the interaction between SSAWs and the liquid in the chamber 
which leads to the generation of longitudinal leakage waves and pressure fluctuations inside the liquids along 
lateral and vertical direction. The acoustic radiation force raising from these pressure fluctuations together with 
gravity force and buoyant force pushed the microparticles into nodes and form the 3D lines (Figure 1a). Figure 
2a describes all the force exerting on the microparticles at balance state in x-direction and z-direction. As 
previous discussion, we showed that the magnitude of acoustic radiation force increases gradually from the 
bottom to the top of the chamber (Figure 1e). Therefore, in the z-direction, the acoustic radiation force 
subjected an upward net force to the microparticles, while gravitational force combined with buoyant force 
resulting in a net downward force. In the x-direction, the total force was zero because the two opposite and 
equal acoustic radiation forces cancelled each other. Because the acoustic radiation force is significantly 
affected by the input power [2], the upward net force depends on the input power with the same size 
microparticles. Figure 2b shows the vertical position in layer order of a group of 10 µm microparticles when 
the input power was decreased from 954 mW down to 450 mW. In this figure, the fourteenth layer is the 
highest layer to be clearly identified, and the zeroth layer is the substrate. The microparticles linearly responded 
to the decrease of the input power by moving down to the lower layer. On the contrary, Figure 2c shows the 
rising of a single 10 µm microparticle from the bottom at the different periods with an input power of 4380 
mW. After the RF signal was turned on, the single microparticle was gradually moving up and eventually 
reached the equilibrium position with a height of 524 µm after 31.4 s. From those observation, we proposed a 
new method to control the vertical position of 20 µm microparticle. In detail, the microparticle was let fall 
down to desire line by switching on/off the RF signal or the microparticle can be levitated to a higher position 
by turning the RF signal to a stronger power (Figure 2d). 
 

 
Figure 2: (a) Force analysis on single microparticle in radiation force potential in two directions of z and x-axis. (b) 

Changes of layer orders of 10 µm-microparticle when the input power is decreased (in the side-view of X-axis). (c) 
The levitation height of 10 µm-microparticles from the bottom layer at different moments with an input power of 4380 
mW. (d) A single 20 µm-microparticle was trapped at 3D nodes by switching on the input power. 

 
Conclusion 
We have demonstrated the 3D lines and 3D lattice matrix of microparticles in millimeter-size of chamber using 
standing surface acoustic waves. We have investigated the mechanism of 3D lines through the numerical study 
which was then well-validated by experimental study. We found that the acoustic radiation force increases 
gradually from the bottom to top of the chamber, microparticles can be levitated by adjusting the power. 
Moreover, a large-sized single microparticle can be relocated to the desired height by switching on/off and 
turning the strength of the RF signal. The formation of 3D patterning of microparticles is a contactless process 
which is compatible with biological or cell applications (e.g., 3D cell-cell interaction). Furthermore, the lattice 
structure could have a wide range of applications in microfluidics and lab-on-chips. With these interesting 
results, we are looking forward to presenting for the international acoustofluidics community at Acoustofluidics 
2018 at sunny Lille, Universite de Lille, Lille, France on 29–31 August 2018. 
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Introduction  

Sensitive detection of low-abundance proteins (e.g. biomarkers) in complex biological samples is essential 
in biomedical diagnosis field. However, proteins detection is limited by the low diffusion rate, their surface 
binding affinity as well as nonspecific bindings (NSB).1 Biomolecules manipulation techniques have been 
exploited to this end. Herein, we used a gigahertz bulk acoustic wave (BAW) resonator to realize biomolecules 
manipulation for enhancing protein sensing. A finite element model was built to simulate the flow motion of 
the acoustic streaming induced by BAW devices. Experimentally, we demonstrated that the BAW device could 
efficiently trapping biomolecules around the resonator as well as on other sensing surface. Such manipulation 
enhances the transportations of the targets and enriches analytes, thus improving the LOD of the biosensing. 
As BAW devices are miniature in size, we finally integrated this enhanced method into an optoelectronic 
bioassay. 
 
The structure of the Lamb wave resonators 

The device is fabricated using a complementary metal oxide semiconductor compatible technology. Briefly, 
thin layers of aluminum nitride (AlN) and silicon dioxide (SiO2) were alternatively deposited on a silicon 
substrate to form Bragg reflector layers. Then, multi-layers of molybdenum and AlN were deposited to form 
the sandwich structures of the BAW device. Finally, a gold layer was sputtered and patterned to improve the 
conductivity of the electrodes. The schematic of the fabrication flow and SEM images are shown in Figure 1.  

Theory and Simulations of the Microvortexes 
     When a BAW resonator is immersed in liquid, it experiences acoustic damping effect. The finite element 
analysis of the propagation of the acoustic waves in liquid is shown in Figure 2a, where we can conclude that 
the wave amplitude attenuates sharply near the device-liquid interface due to the high energy attenuation 
coefficient and the vertical vibration mode of BAW devices, then acoustic energy is efficiently transduced into 
liquid. The attenuation of acoustic waves introduces a body force within bulk liquid and the simulation of 
streamlines and velocity fields of the triggered fluid motion is shown Figure 2b. The vortexes streaming has 
been reported for many bio-applications due to their biocompatibility, controllability and low-power 
consumption.2,3 
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Figure 1: Fabrication process. (a) The 
silicon substrate. (b) The formation of 
acoustic Bragg reflector. (c) The 
formation of the sandwich structure. 
(d) The formation of a gold layer. 
Insets are pictures taken by SEM from 
top view and cross section view of 
BAW device where Bragg reflector can 
be clearly identified. 
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Figure 2: (a) Simulation of wave propagation when BAW resonators contacted with water. The color represents the 
acoustic wave amplitude. (c) Simulation of the fluid motion triggered by the BAW device. 
 

Trapping biomolecules around BAW device and other sensing surface.  

The biomolecular trapping effects are demonstrated by FITC labeled human IgGs. As schematically shown 
in Figure 3a, a 50 μm chamber is sealed on the BAW resonator to confine the vortexes motion. Such confined 
fluid breaks the diffusion limitation and highly enhances binding opportunities between probe molecules 
(modified on the resonator) to targets (human IgG), therefore the synergistic effect of physical flow motion/ 
biochemical probe facilitated enriching biomolecules around the BAW resonator (Figure 3b). Besides, when 
we integrated BAW devices with other sensing surface (Figure 3c), the impulsive motion of microvortexes 
may dominate, and interesting, IgG proteins could be trapped on the most region of the sensing surface (also 
pre-modified by IgG antibody). Such results indicate that BAW trapping approach could be a promising and 
versatile sensing enhancement strategy. 
 

 

Figure 3: (a) Schematic of the micro-
vortexes flow field which is highly 
confined by a 50μm chamber and its 
application in biomolecules trapping 
around BAW resonator. (b) FITC 
labelled human IgGs are trapped 
around the BAW resonator at 0 min 
and 30 min. (c) Schematic of 
biomolecules trapping on other 
sensing surface. (d) FITC labelled 
human IgGs are trapped on the other 
sensing surface at 0 min and 30 min. 

 
We finally integrated the microvortexes-enhanced method into an optic fiber. The real-time binding 

information can be quantitatively obtained by SPR. When applying low power (<200mw), acoustic streaming 
will accelerate the targets binding to the sensor surface. We compared different input power (Figure 4b) and 
the distance between the resonator to the sensor (Figure 4c). It turns out that the binding enhancement is 
optimized by applying 50 mW with 0.1 mm distance. It is interesting to note that when applying high power 
(500 mW), drag forces are generated which can be used to remove the nonspecific bindings (NSBs) (Figure 
4d). 

 

 
Figure 4: (a) Schematic of the micro-vortexes enhanced fiber optic SPR. Enhanced SPR results with different input 
power (b) and relative distance (c). (d) NSB removal. 

 

Conclusion 
We have investigated a hydrodynamic biomolecules manipulation approach for enhanced protein sensing 

using a gigahertz BAW resonator. Acoustic streaming improves the sensing performance by breaking the 
diffusion limitation and enriching biomolecules. Fluorescence immunoassay shows the efficiency and 
versatility of this approach. In addition, we demonstrated an enhanced fiber optic SPR based on the micro-
vortexes mechanism. Moreover, by using high power of streaming, NSBs could be removed efficiently as well.  
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Figure 2: Demonstrations in 
manipulating multiple objects. (a) 
Simultaneous manipulation of 
three 600 µm solder balls. (b) 
Manipulating objects of different 
materials and shapes 
simultaneously. A diamond 
pattern of four objects – a SMT 
resistor, a mustard seed, a chia 
seed, and a candy ball – is 
transformed into a square pattern. 
(c) Droplet merging. Two 8 µl 
water droplets dispensed on flat 
carriers are brought together and 
merged into a single droplet. Scale 
bars: 1 cm. 

 

 
Results 
Our method can be applied to direct objects along trajectories. We split the trajectories into a set of waypoints 
and set the desired direction of each object towards its current waypoint. When the object is close enough to 
the waypoint, next waypoint along the trajectory is chosen. In this way, we have successfully performed 
trajectory following with three solder balls simultaneously (Fig. 2a). 

Even though the model was developed for solder balls, the method can be applied to objects of various 
shapes and materials. Fig. 2b shows an experiment where we manipulate four different types of miniature 
objects are used: a mustard seed, a chia seed, a candy ball, and a surface mount technology (SMT) resistor. 
Besides solid objects, we have also transported water droplets on solid carriers (Fig. 2c and Supplementary 
Movie 7). Two carriers each loaded with an 8 µl water droplet were transported over a distance and finally 
merged into a single droplet. This paves way towards droplet-based lab-on-chip applications of the method. 
 
Conclusions 
In this work, we used transverse vibrations of a plate in air to move multiple objects. In comparison, most 
works in acoustofluidics [3-4] use bulk waves in liquid or surface acoustic waves. However, our control 
method is agnostic to the physical origins of the motion. As long as the motion is sufficiently predictable and 
a statistical model similar to (1) can be developed, the control method can be applied. Thus, we envision the 
control method to have multiple acoustofluidic applications, including lab-on-chips, cell/particle sorting and 
patterning of bio-, micro- and nanomaterials. 
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Introduction 
Single-axis standing wave levitators are the most widely used form of acoustic levitator in air [1] and a 
significant amount of work has been conducted on their use with spherical particles or droplets [2]. The rotation 
of non-spherical particles about the vertical axis is the only degree of freedom which has eluded control [3]. 
We present a technique in which position and orientation control by multiplexing in time between a) a pseudo-
one-dimensional standing wave that provides vertical forces to counter gravity and b) a non-axisymmetric field 
known as a twin trap that provides asymmetric forces in the horizontal axis for rotational stabilization [4]. 
Stable trapping of non-spherical particles has previously been demonstrated only in 2D arrangements [10]. 
Previous studies have multiplexed between fields of the same type to achieve new capabilities such as vortex 
stabilization [6] and particle manipulation [7,11]. Here we multiplex between two different types of field to 
accurately and stably control the position and orientation of a trapped object. 
 
The acoustic field of the device is predicted using a piston source model [5] and its impact on cuboidal objects 
modelled using a Finite Difference Time Domain (FDTD) simulation. The size stability region (the range of 
side lengths where the object hangs stationary in air without significant rotation or falling out of the trap) for 
a cube is identified experimentally and explained using the simulation. For example, the relationship between 
the torsional spring constant, KT, and the multiplexing rate between standing wave and twin traps is identified. 
This technique creates a tunable method for levitation of non-spherical particles of varying sizes and densities 
for sample inspection or micro-scale manufacturing. Crucially, these results demonstrate the efficacy of 
multiplexing in time between entirely different fields to gain the net impact (in terms of force and torque) of a 
compound field. 
 
Design and experimental stability 
The device was designed as a larger version of the widely available “TinyLev” [5]. Due to the larger number 
of transducers (120 vs the original 72) it was called “HugeLev.” It operated at 40kHz and was capable of 
levitating acrylic particles of up to around 3.5mm. The transducer bowls at each end of the device are each 
connected in two halves with independent control, hence it requires 4 distinct input signals in total. This allows 
half of each bowl to be out of phase with the other, enabling the twin trap described above. This is illustrated 
in Figure 1a. 
 

  (a)  (b)    
Figure 1: (a) A schematic representation of the HugeLev device and pressure field in the twin trap arrangement. Each 
bowl is excited with in two with independent input signals (i.e. the red and blue transducers). (b) The green region of 
stability, as found from experimental results. This is overlaid with the blue line representing Torque/Length2, the condition 
that defines the lower size limit on stability, and the orange representing Force/Length3, the condition that defines the 
upper size limit on stability. When either of these conditions drops too low stability is lost. 



For this device the optimal ratio for stability in all degrees of freedom of 100:50 standing:twin and the range 
of particles that could be stably trapped was found experimentally. The size stability region for a cube is 18-
40%λ (percentage of the wavelength), as shown by the green region in Figure 1b. This could be explained by 
a reduction in the torque applied to the cube (as suggested by the simulation) relative to the lengths squared 
(which governs the moment of inertia) for small particles where the observed instability was due to rotation 
about vertical axis. The reduction of the force relative to the mass (which governed by the particle’s volume) 
is the limiting factor is particle size increases where instability is due to a simple lack of levitation force or 
torque about the horizontal axis. This result agrees with observation and the existing literature, validating the 
model further [8,9]. 
 

Experimental and simulated determination of KT 

The torsional spring constant about the vertical axis, KT, was determined experimentally and via simulation, 
with good agreement between the results. The experimental results were obtained by using video tracking of 
a dot on a disturbed acrylic cuboid. Here, KT was calculated from the measured natural frequency, assuming 
known moment of inertia. This was compared with the KT obtained from the FDTD simulations. The results 
from this comparison can be seen in Figure 2. There is excellent agreement in the gradients of the linear fits. 
There is a reduction in KT by an offset for the experimental results, however this can be explained as a power 
loss from a real system, i.e. associated with the transients that occur when multiplexing.  
 

   

Figure 2: The comparison 
between the experimental and 
simulated results for the variation 
in KT with varying cycle ratios. 

 
Conclusion 
We have demonstrated the feasibility of multiplexing in time different sound fields to create the desired control. 
In doing so we have gained control of the final degree of freedom previously uncontrolled in single-axis 
levitators and demonstrated the torsional trap stiffness to be linearly related to the time averaged sum of the 
force from the two fields. 
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Introduction 
Due to their great compressibility, bubbles are known to be excellent acoustic resonators and exhibit strong 
nonlinearities [1]. Furthermore, since the wavelength in the lowest frequency mode (Minnaert resonance) is 
way larger than the bubble size, they represent perfect candidates for building acoustic metamaterials [2]. One 
difficulty, though, is to create stable and precisely designed bubbly media. We propose to use 3D printing 
technique to overcome these two problems. We study experimentally the oscillations of a millimetric cubic 
cavity of air trapped in a 3D printed frame. In this configuration, the water-air interfaces are flat and attached 
to the printed frame, which increases the stability of the bubble. Furthermore, this new object does not behave 
as the usual spherical bubble, exhibiting for example a lower fundamental resonance frequency than the 
Minnaert frequency. Another interesting result is the possibility to shape the bubble frame in order to have 
different resonance frequencies for each side of the cube, giving the possibility to induce acoustic streaming 
in a specific chosen direction.  
 
Description of the bubbles 
 

 
(a) 

 
(b) 

Figure 1: (a) Example of a 3D printed cubic bubble with a single opening, in air. (b) Example of a 3D printed cubic 
bubble with six openings, in water. Air gets trapped in the bubble by capillarity, leading to the creation of six water-
air interfaces on the faces of the cube (only three of them being visible on the picture). 

 
 
The system we study consists of millimetric 3D printed cubes (figure 1a). The cubes have one or several faces 
opened in order to create water-air interfaces at each opening when put into water (figure 1b). One important 
thing to note is the possibility to create openings of different sizes on each face of one same cube (not shown 
here). 
 
Description of the experiment 
 
We study the acoustic and mechanical response of our cubic bubbles by putting them in a closed metallic cell 
filled with water (figure 2). An oscillating pressure is imposed on the water thanks to a shaker and the pressure 
is monitored thanks to a hydrophone. Finally, the displacements of the bubble interfaces are monitored and 
recorded thanks to a high speed camera. This closed cavity allows us to reach higher driving pressure compared 
to the pressure that would be reached in an open water tank with the same source amplitude – the rigidity of 
the system being mainly given by the one of the water – in the hope to reach easily a highly non-linear regime. 



 
Resonance and streaming 
For a (unique) square orifice with fixed boundary, in the potential approximation with incompressible liquid 
motion, considering only capillary forces and neglecting air pressure, we find that the lowest mode for the 
water-air interface is 

𝑓0 =
1

2 𝜋
 √

𝛾 2
3

2⁄  𝜋3

𝜌𝐿3
≈ 160 Hz 

With 𝛾 the surface tension, 𝜌 the density and 𝐿 = 1.8 mm the lateral size of the interface. It is important to 
note that for a spherical bubble with the same volume of air, the Minnaert frequency is around 𝑓𝑀 ≈ 2.7 kHz. 
The extremely low value of the resonant frequency 𝑓0 is well observed experimentally and corresponds to very 
high amplitude oscillation of a single interface. We still have to understand the effect of gas pressure in this 
oscillation. 
 
Streaming is also observed (figure 3) and confirms the possibility to reach a non-linear regime and to induce a 
net flow right in front of the interface. 
 

 
Figure 3: Observation of acoustic streaming in front of one vibrating air-water interface. The streaming is observed 
thanks to small beads and an extraction of the maximum luminosity on each pixel of the movie over time. 

 
 
Conclusion 
This study suggests that millimetric 3D printed frames could be used as efficient bubble holders. This technique 
seems interesting to stabilize bubbles and design complex 2D or 3D assembly of bubbles. We have shown that 
these new objects exhibit extremely low resonant frequency and acoustic streaming at high driving pressure. 
Furthermore, the use of 3D printing technique allows for the design of the bubbles themselves: as an example, 
we are currently working on bubbles with different acoustic properties assigned to each face.  
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 Figure 2: Schematic view of the experimental setup. 
The printed frame is put in a closed cell filled with 
water. A shaker exerts a hydrostatic pressure in the 
cell, which is monitored thanks to a hydrophone. The 
movements at the surface of the bubble are monitored 
thanks to a high speed camera. 
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Background, Motivation and Objective
The use of encapsulated nanodroplets is currently largely investigated for medical applications, mainly
because their reduced size allows them to enter targeted areas that cannot be reached by larger
microbubbles. In particular, perfluorocarbon nanodroplets can be vaporized under the action of an
ultrasonic field, in order either to turn them into echogeneous microbubbles (contrast agents), or
to burst them to liberate a load (drug carriers). The optimization of acoustic droplet vaporization
(ADV) will be enhanced by understanding its underlying physical mechanisms, which are currently
not totally elucidated. Recent models [1,2] describes this phenomenon, paying particular attention to
the finite size of the droplet and its encapsulation by a thin hyperelastic layer. Numerical simulations
performed for droplets of micro- and nanometric radii and for frequencies of 1-5 MHz, reveal that
droplet surface tension and shell rigidity are the main parameters in the determination of the acoustic
droplet vaporization threshold.

Statement of the Contribution/Methods
To check the above theoretical results, the relationship between ADV and Inertial Cavitation (IC) is
investigated in vitro for single micron-sized perfluorocarbon (PFC) droplets surrounded by a monolayer
of fluorinated surfactant. Usual experimental setups consider vaporization of bubble either deposited
at the surface of a gel phantom or captured inside it, or in acrylic tubing. In this study, vaporization
of single droplets is carried out in free space with the droplet being held suspended acoustically at the
focus of the transducer, in accordance to models established considering droplets in an infinite fluid
medium. The threshold pressures required to induce ADV and IC are simultaneously determined for
micron-sized PFC droplets as a function of droplet size and US parameters. For this purpose, the fast
evolution of the bubble size is followed using a Mie scattering setup, where the the light of a laser
scattered by the forming bubble is collected over a large angle. The radius of the bubble can be shown
proportional to the square root of the scattered intensity.

Results/Discussion
Depending on the parameters of the fluid, the bubble, and the acoustic excitation, various behaviors
are observed for the evolution of the droplets after nucleation, including collapse with recondensation or
“rebound”, and complete vaporization with shell burst. Distinguishing between this different regimes
is crucial to maximize the load delivery by controlling and balancing effects such as extravasation
enhanced by IC and the sonochemistry possibly denaturing the payload. Only by understanding the
phenomena at stakes will one be able to accurately model and predict droplets and bubbles behavior.
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Introduction
Pull-in effect of an acoustic Bessel beam is due to the negative axial force exerted on scatterers in
the sound field [1]. It is known that factors such as conical angle of the Bessel beam, distance from
the beam axis, and the size of the particle (denoted by ka where k is wave number and a the sphere
radius) determine the operation range of the negative axial force for a single scatterer [1-3]. Previous
studies were limited to the case of a single sphere, whereas, in an ensemble of particles, the interactions
determine the resultant force acting on each individual particle, especially when the particles are close
to each other. In this paper, it is demonstrated that component of interaction forces along the Bessel
beam axis influences the total radiation force experienced by the particles. In addition, the partial
force related only to particle’s scattering field is studied with respect to the size factor ka.

Theory and Formulation
For a single particle, acoustic radiation force can be written as

F = Fii + Fis + Fss. (1)

here, Fii denotes the partial force obtained from stresses that are functions of the square of incident
potential. It can be shown theoretically that Fii is zero [4]. Fis denotes the acoustic primary force
that is a function of the product of incident and scattering potentials. The last term Fss denotes a
partial force that depends on the square of scattering potential. This term is negligible for particles
in Rayleigh limit, ka� 1, since it is proportional to (ka)6, as compared to primary force Fis which is
a function of (ka)3. As ka increases, Fss increases and finally overtakes the primary force Fis. Since
negative axial force induced by a Bessel beam occurs at relatively large ka values, it is important to
account for Fss to calculate the resultant acoustic radiation force F . Figure 1 shows the particle size
compared to the wave-front of a zero-order Bessel beam for different ka values. For a pair of particles
(1 and 2), Equation (1) can be written as follows for the force acting on particle (1).

F1 = Fii + Fi1 + Fi2 + F11 + F22 + F21, (2)

where subscripts 1 and 2 denote the scattering potentials from particle (1) and particle (2), respectively.
For particle (1) being the probe particle that the force is measured, Fii, Fi2 and F22 are zero since they
contain no singularity in the probe particle. Fi1 and F21 give the primary and interparticle radiation
forces acting on the probe particle (1). For ka values beyond Rayleigh’s limit, the self partial force
F11 needs to be accounted for in the calculation of the total radiation force F1. The objective of this
study is to investigate interparticle and self partial forces, particularly for a Bessel beam and a wide
range of ka.

Results
A pair of rigid and immovable spheres of the same size (radius a) are placed along the axis of a
Bessel beam, with their center-to-center distance set to 2.5a and sphere (2) downstream of sphere (1).
Multipole series expansion was used to compute different terms of equation (2) [5]. The incident wave
is a zero-order Bessel beam with cone angle β = 60◦ propagating in the positive z-direction.

Figure 2 shows the magnitudes of interparticle forces, F12 and F21, and the self partial forces F11
and F22. For this axisymmetric configuration, all the forces act in the z direction, which is the wave
direction. A positive force denotes that the force acts in the positive z-direction, and a negative force
is in the negative z-direction. It is noted that up to ka = 1.3, three of the forces, F21, F11, and F22, act
in the negative z-direction (as illustrated by the schematic of two spheres in Figure 2). In this range
of ka < 1.3, it can be seen from the directions of F12 and F21 that the interaction force is repulsive.
For the last four values of ka = 1.30, 1.95, 2.92, and 4.38, there are changes in the directions of the
forces; these are explicitly labeled in the Figure as + or − for each color to denote the force direction.
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Figure 1: Illustration of particle
size compared to the wave-front of a
zero-order Bessel beam for ka values
of 0.0628, 0.314, 0.628 and 3.14 which
covers Rayleigh’s limit and beyond.
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Figure 2: Magnitudes of F12, F21, F11 and F22 with respect to the size factor ka for two spheres aligned along
the axis of a Bessel beam.

For small ka within Rayleigh’s limit, the self partial forces (F11 and F22) are much smaller than the
interaction ones. At ka ' 0.4, these forces are of comparable order of magnitude, meaning that self
partial forces should be included in computing the total radiation force for ka > 0.4. The interaction
forces acting on the spherical particles are equal and opposite at small ka values. However, their
magnitude starts to differ when ka > 0.4. Partial forces F11 and F22 also have the same magnitude
up to ka < 0.4, but the magnitudes start to differ when ka > 0.4. For the last four ka values, changes
in the force directions were observed. At ka = 1.30, the direction of the interaction force acting on
sphere (1), F21, changes to positive as compare to negative when ka < 1.30. At ka = 1.95, directions
of both interaction forces (F12 and F21) change from those of ka < 1.30, indicating attraction between
the spheres. The direction change was also observed for F11 at ka = 2.92 and ka = 4.38. From the
above results, it can be seen that interaction and self partial forces contribute to the resultant force on
a particle and these contributions may be in the opposite direction (depending on ka) to the primary
force due to the Bessel beam.

Conclusion
The interaction and self partial forces are reported for a pair of rigid spheres in a zero-order Bessel beam
with respect to the size factor ka. The interaction and self partial forces may take on negative values
depending on the size factor ka, hence they contribute to the negative axial force (pull-in effect) of a
Bessel beam. Such contribution may be crucial when the Bessel beam is used to separate an ensemble
of particles based on size. Finally, the self partial forces should be included in the calculation for the
range of ka > 0.4, where these forces are no longer negligible.
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Introduction  
TSAW and SSAW are terms referring to travelling surface acoustic wave and standing surface acoustic wave 
systems respectively. In the former a single set of electrodes is excited on a piezoelectric substrate, forming an 
interdigital transducer (IDT), at the correct frequency of excitation, the result is a surface acoustic wave which 
travels away from the electrodes. In the latter, two opposing travelling waves, typically generated by a pair of 
opposing IDTs, interfere leading to a standing wave. In both cases the surface waves will couple efficiently 
into fluid placed on the vibrating substrate, making such excitation highly suitable for acoustofluidics. 
 
Early theoretical work on acoustic radiation forces characterized the nature of forces obtained from planar 
travelling waves or planar standing waves [1]. Here, the former, causes particle motion across multiple 
wavelengths in the direction of propagation, whilst the latter induces movement of particles into patterns with 
a half wavelength periodicity. With travelling waves being synonymous with unidirectional migration, TSAW 
systems have been widely used to exploit this for particle sorting. Likewise, the link between standing waves 
and patterning has meant that SSAW devices have seen extensive use in patterning particles.  
 
However, neither TSAW nor SSAW generate planar waves in the fluid, so the link between field type and 
particle behavior is more complex than in the ideal bulk acoustic fields described by Yosioka et al [1]. 
Additional possibilities exist. Indeed, previously, we have shown that features associated with travelling 
waves, namely migration across multiple wavelengths, can occur in SSAW systems due to attenuation effects 
[2]. Here, we offer a detailed analysis of the diffractive effects in a TSAW generate field, which gives rise to 
features more usually attributed to standing waves, namely particle patterning, here shown in two dimensions.    
 
Characterisation of the sound field generated by TSAW 
The vertical displacement magnitudes of the piezoelectric substrate, in which the TSAW is present, has been 

measured using an LDV. A set of IDTs with a pitch of 21 µm, and a width of 750 µm, was actuated at 180 

MHz whilst a scan was performed using a 10.5 µm pitch. It can be seen from Figure 1(a) that the width of the 

beam decreases with distance away from the IDTS, and that within the beam there are fluctuations in 

displacement amplitude, Figure 1(b-d), both result from diffraction of the SAW. In Figure 1(e) a system 

depiction is shown. A cross-section through this system is modelled in COMSOL, Figure 1(f), yielding the 

absolute pressure amplitude distribution in a 2D plane. The SAW couples into a fluid volume measuring 100 

µm wide (measured in the direction of TSAW propagation) and 46.5 µm high channel. The plot shows the 

time averaged absolute pressure, in an ideal travelling wave this would be uniform, instead variations are 

observed as the TSAW couples into the fluid at the Rayleigh angle. These fluctuations are due to diffraction 

and are typical of the lobes formed in an ultrasonic beam created by a finite source, in this case the limit of the 

source is the edge of the fluid volume.  

 

Analysis of the resultant particle behavior 
Figure 2 shows a set of experimental data on the particle behaviour due to exposure to a sound field generated 
by a TSAW. As the width of the IDTs increase, there is sufficient space, between the two large streaming 
swirls (the spacing of which can be linked to the width of the TSAW beam), for patterns to emerge. In the 
wider IDT sets considered (Figure 2 c and d) patterning is seen in two dimensions, both along the propagation 



direction (parallel trapping) and perpendicular (orthogonal trapping) to it. The orthogonal trapping is due to 
the variations in amplitude across the TSAW beam caused by diffraction, as observed in Figure 1(b-d). To 
demonstrate this, channels were located at different distances from the IDT. When this was done, the location 
and interspacing in these patterns was altered, the characteristics of which agree with those seen in the TSAW 
profile. Namely, that at further distances from the IDT less features are seen and the spacing is greater.  

 
 
Figure 1: (a) An LDV scan of the out of plane displacement arising due to the propagation of a TSAW is shown as it 
propagates away from the 750 μm wide IDT. (b-d) Displacement magnitude across the beam at different distances, D, 
from the IDT. (e) A depiction of the substrate with a PDMS defined fluid channel attached. (f) Numerical results for the 
absolute pressure in a fluid excited by a TSAW (propagating left to right). 
 
The parallel trapping is due to diffraction within the fluid [3]. Analysis of the spacing, Figure 2 (g and h) shows 
that the separation is consistently under a half wavelength, and as such can’t be attributed to reflections within 
the system. In addition there is agreement between the spacing of the lobes seen in COMSOL simulations (like 
that shown in Figure 1(f)) and experimental data. Specifically we see that with channels of higher heights the 
spacing is larger, which is consistent with the angular spread seen in the areas of raised pressure in Figure 1(f).   

 
 
Figure 2: (a-d) Particle distribution during exposure to a TSAW for four different width IDTs: 187.5, 375, 750 and 1500 
μm, particle patterning can clearly be observed. (e) Highlighting the patterning in the lateral direction, which is analysed 
in (f). (g) Patterning in the propagation direction, which is analysed in (h).  
 
The data presented here is for a particle size of 1 μm. When other particles sizes are examined, it becomes 
clear that size causes a transition between dominant mechanisms. In bulk acoustic standing wave systems a 
transition between streaming dominated to patterning is well known. For TSAW an additional regime is 
introduced, so that small particles are streaming dominated, larger ones exhibit patterning, and larger still 
migrate unidirectionally with the propagating waves.  
 
Conclusion 
We have identified the particle patterning capabilities of TSAW actuation. Showing that the travelling wave 
nature of excitation, yields a pressure distribution within the fluid which is significantly more complex than a 
planar travelling wave, hence we have access to effects beyond long scale migration of particles. Indeed 
patterning in two dimensions are observed and explained in terms of diffraction of the TSAW and of the 
resultant wave as it is coupled into the fluid.  
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Introduction
Sound and bubbles are closely related: because of their coupling with the surrounding fluid, they
resonate at a frequency, given by Minnaert’s formula R0 fMinn ≈ 3 m s−1 for 3D bubbles, at a wave-
length a lot greater than their own size [1]. Because of this property, an assembly of bubbles can show
interesting properties when in interaction with an acoustic field which make them meta-materials
[2]. Under acoustical excitation, a bubble will pulsate, thus enhancing or suppressing part of this
excitation. Coupling effects can also come into place because of interactions between bubbles.

In this study, we try to understand the alteration of an acoustic wave by an assembly of free
pulsating bubbles. Using microfluidics to produce assemblies of identical bubbles, we show that even
low surface fractions of bubble can significantly decrease the transmission coefficient of the material.

Experiment
We use microfluidic chips to create and trap micro-bubbles (around 60 microns in diameter) using
a flow focusing junction. As the microfluidic channel height (typically 25 microns) is smaller than
the bubbles size, they are squeezed between the upper and lower walls and thus become a nearly
2-dimensional system. Bubbles can be trapped on beforehand known positions using capillary traps
[3] as it can be seen on on Fig. 1 right or can be self-organised using a continuous ultrasonic ”pump”
wave before the pulsed measurements [4]. This setup is immersed onto a sound reflector in a water
filled tank (see Fig. 1 left). A pulsed sound wave is produced by the transducer at the bottom of
the tank and will propagate though the bubbly medium and will be measured on the other side by
an hydrophone which position can be chosen in the whole tank. Finally a camera let us image the
medium at the time of the acquisition.

The transmission coefficient of the bubbles is measured by doing the ratio between the Fourier
transform of the signal with bubbles present over the Fourier transform of the signal without bubbles.

Water

Pac

PB1 PB2

PDMS

PDMS

Figure 1: Experimental setup. Left:
global sketch of the experiment featur-
ing an ultrasonic transducer emitting a
pulse in a water-filled tank. The mi-
crofluidic chip containing the bubbles
(see right) is placed in the path of this
travelling wave which is then measured
using an hydrophone on the other side.
Right: zoom on the microfluidic chip,
showing two bubbles hold by capillary
traps under excitation by a sound wave.



Tr
an

sm
is

si
on

0,01

0,1

1

Frequence (Hz)
20 000 40 000 60 000 80 000 100 000

Surface fraction
0.5%
2.5%
4.5%

Figure 2: Transmission of an ultrasonic pulse through a single layer of bubbles for different surface fraction
as a function of the frequency. The bubbles are approximately 40µm is radius, which agrees with the main
absorption peak being at Minnaert’s frequency for 2D bubbles: R0 fMinn ≈ 2 m s−1. The secondary absorption
peak at approximately 85 kHz might be the result of non-linear vibration of the bubbles. For this experiment,
the bubbles were neither attached to capillary traps nor organised using an ultrasonic pump.

Bubbles as an acoustic metamaterial
The transmission coefficient of an assembly of bubbles for different surface fraction of the microfluidic
channel covered with bubbles is shown on Fig. 2. We can see that even quite small surface fractions
of bubbles can significantly alter the transmission of a sound wave over a broad range of frequencies.
The main absorption decrease, in the range of 30-35 kHz is very close the resonant frequency of the
bubbles present in the system and may be due to bubbles pulsing with a great amplitude, dissipating
energy from the sound wave inside the surrounding medium.

A second transmission decrease is also seen at approximately twice the Minnaert frequency. This
effect is not fully understood yet but it might be due to non-linear effects occuring when the pulsing
amplitude becomes high enough to trigger Navier-Stokes non-linearity.

Note that this absorption profile has different characteristics than the ones presented by Leroy et
al. in [2] for a single layer of bubbles trapped in a yield stress fluid for which the absorption curve
showed only one peak. The presence of several distincts low-transmission frequencies suggests that
coupling of bubbles might comes into play.

Conclusion
In this abstract, we show preliminary results on the transmission of an acoustic wave through a layer of
microfluidic bubbles. These results are encouraging for ongoing studies as they show a huge decrease
of the acoustic intensity over a broad range of frequency. In fine this study could give us a better
understanding of the coupling between bubbles and acoustic in order to expose more effects such as
the acoustic SASER.
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Introduction 
Sorting heterogeneous cell mixture has been of considerable interest in recent years for micro total analysis or 
lab-on-chip systems. Separation of particles or cells is crucial for various biological and biomedical 
applications as cancer [1] or sepsis diagnosis [2]. However, most of techniques developed are application based 
devices, and lack of adaption from cell to cell. Here we discuss a technique that allows sensitive and adaptive 
particle sorting based on modulated acoustic waves with surface acoustic wave device. In our previous work, 
we introduced an accurate form of acoustic radiation force for surface acoustic waves that differs from bulk 
acoustic waves [3]. The acoustic radiation force plays an important role on the particle trajectories. In this 
work, we present the importance of accurate acoustic radiation force in particle trajectories for adaptable 
particle sorting by size and density. An analytical prediction of particle behavior (dependent of acoustic 
radiation force) shows excellent agreement with COMSOL simulation and experimental data.   

Device fabrication and experiments 
The surface wave device was fabricated by standard processes [4] for 13.3 MHz operating frequency on lithium 
niobate 128° Y-cut wafer. A PDMS microchannel of width 240 µm and height 50 µm was bonded on top of 
the substrate. The width of the PDMS channel allows for two pressure nodes to be present within the device. 
Two inlets for sheath inflow and one particle inflow provide precise focusing of particles. To avoid stiction of 
particles to each other and device sidewalls, they were suspended in 0.1% w/v polyethylene glycol in DI water 
solution. For experiments carried out for density-based sorting, the particles were suspended in 30% OptiPrep 
to reduce sedimentation or lift. For the experiments, particle counts below 106 / ml were used to avoid 
interparticle effects.  

Sorting method and theoretical framework 
The modulated phase acoustic pattern and its effect on the particles’ movement is illustrated in Fig. 1. To be 
able to predict the behavior of the particles within a phase modulated fields, we derived the equation describing 
the particle trajectories. The governing equation was a force balance of the accurate expression of the primary 
acoustic radiation and Stokes’ drag. In this latter, wall effects were included. Utilizing the inertial 
approximation, i.e. the particles carry no inertia and can change momentum instantaneously, the particle 
trajectory equation was obtained. 

Comsol simulation model 
To reduce computational demand of the numerical simulation, we simulate a 2D cross section of the 
microchannel. Furthermore, instead of a complex coupled piezoelectric-acoustic-structure interaction model, 
we simulate the acoustic domain and describe the field by a pressure distribution. The acoustic radiation force 

 

Figure 1: illustration of sorting. (a) The phase pattern used for 
sorting. (b) The resulting movement of the pressure nodes 
within the channel. (c) Particle position at different times. 

The particles have a positive contract factor and are focused 
with the shear flow on the bottom nodal line. As the phase of 
one transducer is continuously modulated (from 0° to 360°, 
during tramp), the standing wave pattern moves laterally. The 
different sized particles experience different radiation and drag 
forces, resulting in different trajectories. With the right time 
parameters (tramp), the 2 types of particles are located at 2 
different pressure nodes and relax at different spatial locations 
during the rest period (trest), where the phase is kept constant. 
 



on the particles was calculated using Gorkov’s potential approach [5]. As the acoustic radiation force is a 
second order time-averaged force, it is not possible to directly simulate the effect of continuous phase 
modulation. Instead, we decided to quantize the phase modulation as follows: start at 0°, then from 18° to 342° 
by steps of 36° (during the ramping), and finish at 360°, corresponding to the rest period. For each phase, the 
pressure field was resolved in a frequency dependent study, and this was passed onto the particle tracing 
module to allow calculation of the primary radiation force. In this investigation, interparticle forces were 
neglected [6].  

Results 
Figure 2 shows the influence of particle parameters on surface wave and bulk acoustic radiation forces. Two 
different material of particles were modelled: 10 µm polystyrene (PS) and iron-oxide. It can be seen that for 
PS particle, not a large difference is expressed between the 2 acoustic radiation forces while for iron oxide, a 
difference of 50% in forces is noticed. To validate our theoretical model, we plotted the acoustic radiation 
force obtained from the Comsol simulation (Gorkov’s potential) and excellent agreement to our model is 
shown (Fig. 2). We further utilized the model to anticipate the particle trajectories in sorting experiments. For 
simulation results, the only fitting parameter between the experiments and simulation/theory was the pressure 
amplitude (80 kPa). The OptiPrep solution was considered with density ρ=1.2 g/cm3, and its speed of sound 
was assumed to be the same as of water. The experimental results correspond to the average and standard 
deviation of 7 experiments. We carried out size-based separation of 10 and 15 um diameter polystyrene 
particles, and density-based sorting of polystyrene (ρ=1.05 g/cm3) and iron-oxide (ρ=1.5 g/cm3) particles, 10 
µm in diameter. Fig. 3 shows simulations and experimental data. We believe the difference between the 
experimental and theoretical results can be attributed to the uncertainty of speed of sound of the medium. The 
simulation and theory have an excellent agreement, the small discrepancy comes from numerical errors and 
the discretization of the phase modulation. 

 
Conclusion 
We presented the importance of accurate primary acoustic radiation force in surface wave devices. We have 
shown excellent agreement between numerical simulations and our analytical equation. Particle trajectories 
from separation experiments were successfully validated by numerical and theoretical methods.  
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Figure 2: Comparison between 
bulk and surface acoustic wave 
radiation force: The primary 
radiation force using the standard 
theory (green, solid), our modified 
equation (red, dashed) and the 
derivative of the Gorkov potential 
from Comsol simulation (blue 
circles), for (a) a PS sphere (b) an 
iron-oxide sphere. 
 

     

 
Figure 3: Density-based particle 
sorting: Particle trajectories for sorting 
of 10 um PS (in orange) and iron-oxide 
(in green) particles. Experimental 
(continuous line and error bars), 
COMSOL simulation (circles) and 
theoretical results (dashed lines) are 
shown. 
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Introduction
In this numerical, study we investigate the damping mechanisms of particle resonances in acoustofluidic
systems. New applications such as the one-cell-per-well (OCPW) technology make use of frequencies
higher than 100 MHz [1]. In this frequency range, it is possible to excite resonances of soft micro-
meter sized particles. To predict the particle trajectories under these conditions the acoustic radiation
force needs to be computed. Under these conditions both the amplitude and direction of the acoustic
radiation force can not be predicted using the Gorkov potential [2]. The amplitude of the resulting
acoustic radiation force depends strongly on the damping and thus on the quality factor of the parti-
cle resonance. Numerically, this problem is rather difficult as the damping is inherently linked to the
viscous boundary layer, which is very small at these high frequencies. Thus, a numerical discretization
resolving the viscous boundary layer will lead to extremely expensive computations. Most generally
the problem would require a full three dimensional simulation. However, symmetries can be exploited
in the case of a single particle in a one-dimensional wave. Investigating this simple case provides some
general insights into the damping mechanisms. Finally, we present a simplified approximate model,
for which we derived an acoustofluidic damping factor semi-analytically similar to the work of Hahn
et al. [3].

Methods and Results
In this work we use the finite element method (FEM) to numerically investigate the viscous and
acoustic damping mechanisms of acoustically excited particle resonances. Neglecting intrinsic mate-
rial damping and acoustic streaming, we chose the simple case of one single isolated 10 µm radius
polystyrene particle in the pressure node of a one-dimensional standing wave in water (Fig. 1 I).
This setup has a rotational symmetry and the full three-dimensional model can be reduced to two
dimensions, improving the numerical cost. In order to fulfill the Sommerfeld radiation condition, we
added a perfectly matched layer (PML) domain around the fluid domain (Fig. 1 II). Additionally, a
viscous boundary layer of thickness δ =

√

2 ν

ω
will form in the full model, here ω and ν denote the

angular frequency and kinematic viscosity, respectively. Typically, in acoustofluidics, the thickness of
the viscous boundary is much smaller than the particle diameter. Thus in the fluid domain a very fine
mesh is required close to the particle fluid boundary (Fig. 1 III). In total we used three FEM models:
1. Inviscid Model: The fluid was modeled as inviscid, similar to [2]. Here the only contribution
to the damping of the resonance is radiation damping. This model is computationally cheap but not
very accurate.
2. Viscous Model: The fluid was modeled as a viscous fluid. Both the radiation and the viscous
boundary layer contribute to the energy losses. This method is exact but computationally expensive
as the viscous boundary layer needs to be resolved.
3. Approximate Model: We derived a semi-analytical expression for both the added mass and
the loss factor, similar to the work of Hahn et al. [3]. This model is computationally cheap and
approximates the more exact viscous model.
Figure 2 shows the energy spectrum of the first five resonances of the particle for our three models.
The corresponding quality factors are summarized in table 1. It can be observed that the viscous
boundary layer has a significant influence on the quality factor of the resonance and can thus not be
neglected in calculations. Further, our computationally more efficient approximate method yielded
good results; the error was in all cases in the range of a few percent.

Conclusion
We investigated the acoustically excited resonances of microparticles using different methods. So far



we found that the viscous boundary layer plays an important role and can generally not be neglected.
We propose a simplified model that allows estimating the quality factor of the particle resonances
using a semi-analytical expression. We plan to investigate other damping mechanisms such as thermal
and material damping or damping due to acoustic streaming. Preliminary studies on two-dimensional
models did, however, show that these additional effects are usually small and the main contributors
to the energy losses are the viscous boundary layer and the radiation.
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Figure 2: The energy spectrum of the particle is shown from 20 to 120 MHz for the inviscid, full viscous and
approximative models. Every frequency sweep was divided into 6000 points, yielding a total of 18000 scattering
simulations. The figure shows that the damping due to the viscous boundary layer influences the resonance
amplitudes significantly. Furthermore, it can be observed that our approximative model underestimates the
damping throughout the frequency range.

Method Peak I Peak II Peak III Peak IV Peak V
Inviscid Model 30.8 16.9 111 430.6 65.5
Viscous Model 23.36 12.7 54.1 83.71 36.6
Approx. Model 23.37 12.8 56.2 91.4 38.8
Q Invi. / Q Visc. 1.31 1.33 2.05 5.14 1.79
Diff. Visc Vs Approx. 0.04 1.5 3.7 8.4 5.7

Table 1: The quality factors for the first five resonances of a 10 µm radius polystyrene particle placed in the
pressure nodal plane of a one dimensional standing wave.
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Introduction 
The excitation of wetting liquid films by different forms of vibrations has been investigated for over thirty 
years now [1]. Recent studies on the excitation of oil films by MHz frequency surface acoustic waves 
(SAWs) found that oil may undergo dynamic wetting and may spread over a solid substrate under the 
influence of the acoustic excitation [2-4]. Further theoretical and experimental studies showed that the 
dynamic wetting of partially wetting liquid films of water is dependent on the magnitude of the finite three-
phase contact angle between the water, vapor, and the solid substrate [5,6]. Here we study the balance 
between acoustical and gravitational forces in wetting films. 
 
Experiment 
The contribution of gravity to the acoustic wetting of liquid films was ignored to date. It appears that a 
balance between acoustical and gravitational forces will determine the extent in which partially wetting 
liquid films may climb over vertical SAW actuators. Moreover, the gravitational forcing in wetting films 
serves as an efficient and simple tool for the measurement of the level of acoustic forcing. We present new 
experimental and theoretical results on the climbing of a wetting liquid film atop a vertical SAW actuator 
from a reservoir of water or oil; see Fig 1. The experimental system is made from a 20 MHz SAW actuator, 
which is mounted on a vertical stage, so that its edge comes in contact with a reservoir of liquid. Upon the 
excitation of a propagating MHz SAW we observe a wetting liquid film, which is climbing atop the actuator.  
 
Findings 
Partially wetting water and surfactant solutions, which satisfy a finite three phase contact angle between the 
liquid, vapor, and the substrate of the actuator appear to reach a steady state height above the level of liquid 
in the reservoir. Theory predicts that the steady state height is a product of the balance between the acoustic 
pressure and gravitational stress in the film. In contrast, fully wetting films of oil are found to continuously 
wet and climb over the SAW device under the action of the propagating SAW. Theory shows that the 
vanishing contact angle renders the contribution of the gravitational stress to film dynamics small. In 
addition, the theory shows that such a film never reaches a steady state height. The film will continuously 
climb over the actuator as long as the SAW is excited. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Fig 1. The experimental systems: (On the left) A SAW device mounted on a vertical stage and touching a 
reservoir of liquid below and (on the right) a USB camera  
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