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Abstract: Surface acoustic wave (SAW) based microfluidic devices provide active techniques 
to manipulate fluid and particles, which can be used for precise and controllable patterning of 
microparticles and biological cells, with a high efficiency in a non-invasive and contact-free 
manner. This paper investigates flexible and bendable SAW microfluidic devices and explores 
the effects of bending and twisting of SAW devices on microparticle and cell patterning, using 
both experimental and numerical modelling. We showed that bending flexible SAW devices 
changes the distribution of particle pattern lines significantly. In devices with concave bending 
the particle pattern lines converge towards the centre of the curvature, whereas for devices with 
convex bending, they diverge away from it. Comparing the particle patterning using Lamb and 
Rayleigh wave devices with concave bending, we found that particle alignment is more 
efficient in the flexural mode Lamb wave device, whereas for the devices with convex bending, 
the particle patterning is more clear and regular when Rayleigh waves are used. We further 
investigated the effects of twisting the flexible SAW devices and observed that the particles 
are patterned into lines parallel to the deformed interdigital transducers (IDTs). We finally 
patterned yeast cells using our flexible SAW devices, and demonstrated the possibility of using 
our flexible acoustofluidic device for biomechanical systems such as body conforming 
technologies, wearable bio-sensors, and flexible point-of-care devices for personalized health 
monitoring. 
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1 Introduction 

Applications of ultrasonics and surface acoustic waves (SAWs) in microfluidic platforms 
(often called acoustofluidics) have gained great interest for manipulating fluids, microparticles 
and cells, in either a digital format (sessile droplet) or continuous flow (inside a 
microchannel/chamber) [1-3]. These acoustofluidic devices offer great potentials in the fields 
of biomechanics, medicine and chemistry [4-7] for non-invasive and contact-free manipulation, 
with good biocompatibility, conserved cell viability and proliferation capacity [8-12]. Acoustic 
tweezers fabricated using the SAW devices can be used for manipulating, patterning and 
controlling microparticles and biological cells with a high precision [13-17]. 
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For the conventional acoustofluidic platforms, standing surface acoustic waves (SSAWs) can 
be readily generated between the two electrodes of the SAW devices when a radio frequency 
(RF) signal is applied to the electrodes. The acoustic field generated by the propagation of the 
SAWs forces the particles to form parallel lines along the width of the microchamber with a 
constant distance between each two adjacent lines corresponding to the pressure node lines 
(with minimum acoustic pressure) of the standing acoustic waves (shown in Figure 1(a)). This 
alignment can be clearly observed from the top view, which has been well documented in 
literature [13, 14, 17]. Particle distribution and alignment along the height of the microchamber 
have also recently been investigated and it was demonstrated that particles form pattern lines 
in a three-dimensional matrix [15, 16]. 

Flexible microfluidic platforms could be used for on-body applications, wearable devices, body 
conforming technologies, implantable biomedical applications , flexible sensors  or soft 
robotics, to monitor physiological conditions of a patient, detect infection illness or even cancer 
at its early stages [18-20]. They have recently shown promises in constructing medical and bio-
inspired devices [21], micro-stretching devices for cell studies [22], cell sorting bandages, 
wearable [23] and point-of-care (POC) devices [24] for monitoring the body temperature, heart 
rate or blood pressure, clinical and biomedical technologies for collection, manipulation and 
investigation of bodily fluids [25, 26] such as detecting antigen and antibody reactions [27], 
deep brain stimulation [28], artificial retina [28] and wearable devices for flow measurement 
in a cerebrospinal shunt [29]. 

Recently, there are studies to design and fabricate flexible (including bendable, deformable and 
even stretchable) ultrasonic and SAW devices [30-32]. For example, flexible SAW sensors and 
acoustofluidics devices were fabricated by depositing a thin layer of a piezoelectric material 
such as zinc oxide (ZnO) or aluminium nitride (AlN) onto a flexible substrate (either polymer 
or metallic foil such as aluminium), followed by patterning of interdigital transducers (IDTs) 
on top of the piezoelectric thin film [6, 33-36]. Our results showed that the SAW devices based 
on ZnO on aluminium (Al) foil/sheet demonstrate efficient acoustofluidic functions to drive 
liquid sessile droplets on both flat, inclined and even randomly bent and curved surfaces [33, 
36]. 

It is crucial to understand the dynamic behaviour and 3D distribution patterns of the particles 
and biological cells under acoustic waves in a potentially bendable acoustofluidic device. 
However, so far, there are no previous studies on flexible and deformable SAW devices used 
in continuous-flow acoustofluidic platforms for patterning of microparticles and biological 
cells. This study aims to understand the acoustofluidic behaviour when the SAW devices are 
in different bent conditions, and the effects of bending curvatures on microparticle 
manipulation and patterning of particles and cells inside a microchamber or a microchannel 
under the SSAWs.  

A flexible SAW device can be bent in both concave (see Figures 1(b)) and convex (see 
Figures 1(c)) geometries. Accordingly, all the particles or cells could still be aligned in parallel 
by the SSAWs along the IDT direction. However, from the cross-sectional views along the 
vertical direction, the patterned lines of particle will not have a constant distance from the 
bottom of chamber to the top, and particle pattern lines might become converged with a slope 
towards the centre of the curvature of the geometry from the cross-sectional view. From the 
top views, the distances between each two adjacent parallel lines (we will use “line distance” 
in short hereafter) of the particles or cells can be varied. In this paper, we will numerically and 
experimentally study the flexible and bendable devices in both concave (substrate bent-down, 
(Figure 1(b)) and convex (substrate bent-up, Figure 1(c)) geometries. We then further studied 
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a twisting configuration (Figure 1(d)) using ZnO thin film SAW devices made on aluminium 
foil/sheets, and we will investigate the microparticles’ patterning with the changes of directions 
of the twisted IDTs for different twisting geometries.  

(a)  (b)  

(c)  (d)  

Figure 1 Schematic of the effect of bending the flexible SAW device on particle patterning in a microchamber with (a) flat, 
(b) concave (bent-down), (c) convex (bent-up) and (d) twisting surfaces. 

2 Experimental Details 

We designed different experiments to investigate the key factors to influence the 3D patterning 
of particles in the bent flexible devices. All the flexible SAW devices were fabricated by 
depositing ~5 µm thick ZnO film onto two types of aluminium substrates (Al foils with a 
thickness of 50 µm and Al sheets with a thickness of 200 µm) using a direct current (DC) 
magnetron sputter (NS3750, Nordiko). During the deposition process, the substrates were 
rotated without any intentional substrate heating. Zinc target with 99.99% purity was used in 
the sputtering process, and the deposition parameters are: Ar/O2 flow ratio of 10/15, vacuum 
chamber pressure of ~0.35 Pa and power of 400 Watts [6, 37]. The deposited ZnO film has a 
strong texture of (0002) crystal orientation. Aluminium was chosen as the substrate because it 
is flexible and can be bent and twisted to form the desired shapes with minimal force and it has 
a low sound absorption coefficient so it does not absorb/dampen the wave.  

The IDTs (made from 20/100 nm thick of Cr/Au) of the SAW devices were fabricated using a 
standard photolithography and lift-off process. The designed IDTs had 30 pairs of fingers with 
an aperture of 49 mm and two different wavelengths (160 µm and 400 µm). An RF network 
analyser (Keysight, FieldFox N9913A) was used to measure the reflection spectra (S11 
parameter) of the SAW devices. Three types of flexible SAW devices (with different substrate 
thicknesses and wavelengths) were used in the experiments of microparticle patterning in a 
microchamber. Table 1 lists the detailed information for all the flexible SAW devices 
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(Figure S-1 in the supplementary information shows the obtained frequency S11 results and 
the simulated vibration modes for the above three devices). 

Table 1 Substrate thickness, wavelengths and resonance frequencies of the flexible SAW devices. Devices 1 and 2 have 
Lamb wave modes, and Device 3 has Rayleigh wave mode. 

Device 
Name 

Al 
substrate 
thickness 
(µm) 

Wavelength 
(µm) 

R0 
Frequency 
(MHz) 

A0 
Frequency 
(MHz) 

S0 
Frequency 
(MHz) 

A1 
Frequency 
(MHz) 

S1 
Frequency 
(MHz) 

Device 1 ~50 160 - 13.00 29.06 40.00 47.00 
Device 2 200 400 - 6.03 10.83 14.77 16.43 
Device 3 200 160 17.00 - - - - 

To visualise particle patterning under the effect of SSAWs, a rectangular polydimethylsiloxane 
(PDMS) microchamber (Sylgard 184 Silicone Elastomer; Dow Corning, USA) with 
dimensions of 1000 µm ×	700 µm ×	1000 µm (W ×	H ×	L)	was temporary bonded onto the 
bent SAW device surface using a small amount of liquid PDMS at the bottom of PDMS 
chamber and was pressed tightly onto the sample surface between a pair of identical IDTs. The 
microchamber was then filled with microparticle/cell suspension in deionised (DI) water and 
was covered with a piece of glass (with a thickness of 50 µm). Particle patterning was 
visualized using both silica (with a diameter of 5 µm and a density of 1900 kg/m3) and 
polystyrene (with a diameter of 10 µm and a density of 1500 kg/m3). Yeast cells were also used 
for demonstration of biological applications since yeast cells can be used as model organisms 
in cellular biological studies as they can be managed easily during experimental work [38]. The 
ability to manipulate yeast as model cells in an acoustofluidic setup has a significant potential 
for biological and biomedical applications such as tissue engineering and microarrays [7, 16]. 

An RF signal generator (Marconi Instruments 2024) was connected to an amplifier (Amplifier 
Research 75A) in order to generate the amplified RF signals of the resonant frequencies to the 
IDT of the SAW devices. The SAW device was placed over a large aluminium bulk holder to 
minimize the heating effect. A video camera (Imaging Source, DFK 22BUC03) was used to 
capture the motion of the fluid and the microparticles. The open source image processing 
software “ImageJ” was used for post-processing the experimental images and to measure the 
line distances. 

3 Theoretical Analysis and Simulation Details  

The fundamental physics of this study is mainly based on the behaviours and motions of 
microparticles and biological cells dispersed in water and inside an standing acoustic wave 
field. Here, we performed the modelling of the dispersed microparticle phase by individually 
tracking a large number of particles using the Euler-Lagrange approach. Using this approach, 
the detailed information of position and velocity for each particle can be obtained. The 
governing equations of motion for a single particle using the Euler-Lagrange approach are as 
follows [39, 40]: 

𝜕𝑿!
𝜕𝑡 = 𝑼! ( 1) 

𝜕𝜌!𝑼!
𝜕𝑡 = 𝜌!

𝑼" − 𝑼!
𝜏!

+𝑾+ 𝑭#$ ( 2) 
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where 𝑿! is the particle position vector, 𝑡 is time, 𝑼! is the particle velocity vector, 𝜌! is the 
particle density, 𝑼" is the fluid velocity vector, 𝜏! = 𝜌!𝑑%/18𝜇" is the particle characteristic 
time, 𝑑 is the particle diameter, 𝜇" is the fluid viscosity, 𝑾 = (𝜌! − 𝜌")𝒈		is the gravity and 
buoyancy force, 𝜌" is the fluid density and 𝑭#$ is the acoustic force acting on the particle. The 
first term in the right-hand side of Equation (2) is the viscous drag force that the particles 
experience when they are moving through the fluid. This drag force depends on the properties 
of the fluid, the properties of the particles and the velocity of the particle relative to the flow 
and is given by the Stokes’s drag law [13, 39]: 

𝑫 = 6𝜋𝜇"𝑟𝑼&'()*+,' ( 3) 

where 𝑼𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆 = 𝑼" − 𝑼! is the fluid velocity relative to the particle velocity [13, 39]. It 
should be noted that the term 𝑼!5𝑼"

6"
 in Equation (2) represents the Stokes drag force on the 

particles’ unit volume.  

When two identical SAWs propagate in the opposite directions, their superposition leads to 
constructive or destructive interference, thus resulting in a standing surface acoustic wave 
(SSAW) [5]. As the SSAW comes across a fluid in a microchamber, the acoustic energy 
refracts into the fluid and affects the particles suspended in it. Thus each particle suspended in 
the fluid is subjected to acoustic forces from both directions. For a spherical particle suspended 
in a fluid medium in a standing acoustic wave field the acoustic radiation force (ARF), 𝑭#$, is 
described as follows [41-46]: 

𝑭#$ =
−4𝜋
3 𝑟7 ;𝑓8=𝛽?@𝛽"〈𝑃+9𝛁𝑃+9〉 − 𝑓%(𝜌E)𝜌"

3
2
〈(𝑽+9 ∙ 𝛁)𝑽+9〉I ( 4) 

𝑓8=𝛽?@ = 1 − 𝛽?										𝑤𝑖𝑡ℎ										𝛽? =
𝛽!
𝛽"

 ( 5) 

𝑓%(𝜌E) =
2(𝜌E − 1)
2𝜌E + 1 										𝑤𝑖𝑡ℎ										𝜌E =

𝜌!
𝜌"

 ( 6) 

where 𝑟  is the particle radius, 	𝛽"  is the fluid compressibility, 𝑃+9  and 𝑽+9  are the acoustic 
pressure and velocity fields and 𝛽!  is the particle compressibility. For a one-dimensional 
SSAW, Equation (4) can be simplified as follows [41-46]: 

𝐹#$: = 2𝜋𝑟7𝐸);𝑘 sin(2𝑘𝑥) ∅=𝛽?, 𝜌E@ ( 7) 

where 𝐸); =	
8
%
𝛽"𝑃);% is the acoustic energy density of the wave, 𝑘 = %<

=
 is the wavenumber 

and 𝑥 is the particle’s distance from the nearest pressure node (or anti-node) along the wave 
propagation direction [41-46]. ∅=𝛽?, 𝜌E@ is called the acoustic contrast factor and is defined using 
the following equation [41-47]: 

∅=𝛽?, 𝜌E@ =
1
3𝑓8=𝛽

?@ +
1
2𝑓%

(𝜌E)								 ( 8) 

The acoustic radiation force due to SSAWs can direct each particle towards either the pressure 
node (minimum pressure amplitude) or the pressure antinode (maximum pressure amplitude) 
depending on the physical and mechanical properties of objects in the chamber. The acoustic 
contrast factor’s sign defines each particle moves whether towards the pressure node 
(∅=𝛽?, 𝜌E@ > 0) or towards the pressure antinode (∅=𝛽?, 𝜌E@ < 0) under the effect of acoustic 
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radiation force [41-47]. As solid objects of silica microparticles, polystyrene microparticles or 
yeast cells suspended in water were used in this study (∅=𝛽?, 𝜌E@ > 0), they were driven to the 
pressure nodes. It can be seen from the Equation (7) that the ARF has a sinusoidal distribution 
with a period of half of the wavelength. This results in the distance between particle pattern 
lines to be theoretically equal to half of the wavelength of the SSAW for a flat conventional 
SAW device. 

For particles with a size lager than a size limit, the effects of acoustic radiation force on the 
particles are significant. Whereas the particles with a size smaller than the size limit will follow 
the fluid streamlines [5, 13]. It was shown that this “size limit” depends on variables such as 
frequency, density, compressibility and viscosity [5, 48]. 

Based on the above equations, numerical simulations were performed using the commercial 
software package COMSOL Multiphysics (5.3). The geometry was modelled as a two-
dimensional cross-sectional view of the microchamber on the SAW device and was discretized 
using 5500 structured quadrilateral elements (Figure S-2 in the supplementary information 
shows the modelled geometry and mesh for one of the SAW device geometries). 

To model the acoustic field induced by the SSAW, the Helmholtz equation was solved with 
impedance boundary conditions on the two sides and the upper wall. The velocity of the surface 
wave propagating on the ZnO piezoelectric substrate was defined on the lower wall as follows 
[49]: 

𝑢!"#$%% = 𝐴&𝜁𝜔&𝑒"'((*.,-"!)𝑒/["1(*.,-"!)] + 𝑒"'((*.,-3!)𝑒/[1(*.,-"!)]) ( 9) 
𝑢&"#$%% = 𝐴&𝜔 *𝑒"'((*.,-"!)𝑒/4"1(*.,-"!)"5 67 8 − 𝑒"'((*.,-3!)𝑒/41(*.,-"!)"5 67 8, ( 10) 

where 𝑢:5>)((  and 𝑢?5>)((  are the surface wave velocities in the 𝑥  and 𝑦  directions, 
respectively, 𝐴? is the wave’s displacement amplitude, 𝜔 is the wave’s angular frequency, 𝐶𝑑 
is the wave attenuation coefficient, 𝑤 is the channel width, 𝑘 is the wave number, 𝑥 is the 
longitudinal direction and 𝜁 = 𝐴:

𝐴?_  is the ratio of the displacement amplitudes in 𝑥 and 𝑦 

directions [49]. The finite element method (FEM) and the multifrontal massively parallel sparse 
(MUMPS) were used to discretize and solve the governing equations [50]. 

For modelling the microparticles’ behaviour, the differential equations that govern the 
particle motion (Equations (1) and (2)) were solved for each particle using the generalized 
minimal residual (GMRES) iterative in two dimensions. At each time step, the acoustic 
radiation (Equation (7)) and drag (Equation (3)) forces affecting the particle movement were 
calculated based on the acoustic and fluid field variables. Finally, the particles’ positions 
were continuously tracked and this process was repeated until it reached the specified end 
time of the simulation. As the volume fraction of the microparticle phase (dispersed phase) is 
smaller than the volume fraction of the water phase (continuous phase), we can assume that the 
fluid particle mixture is sparsely distributed. The sizes of the microparticles are insignificant 
compared to the microchamber dimensions and the velocities of the microparticles are low. 
Thus, we can assume a “one-way coupling” occurs between the two phases (fluid and particle), 
which means that the continuous phase affects the dispersed phase but not vice-versa [50]. 



7 
 

4 Results and Discussions 

4.1 Lamb Wave Based SSAW on Al Foil with 160 µm Wavelength 

Firstly, effects of bending curvatures of ZnO on Al foil flexible Device 1 (with a substrate 
thickness of ~ 50 µm and a wavelength of 160 µm and its details are given in Table 1) on 
patterning of silica microparticle in a microchamber were studied. In this case, the Lamb wave 
modes are the dominant frequency modes (see the supplementary information).  

The curvature formula ( Ƙ(𝑥) ) for any curve with the equation 𝑦 = 𝑦(𝑥)  in cartesian 
coordinates can be calculated as follows: 

Ƙ(𝑥) 	= 𝑦′′
(1 + 𝑦@%)7 %A
_ 	 ( 11) 

where 𝑦@@ = 𝑑%𝑦
𝑑%𝑥b  is the second order derivative and  𝑦@ = 𝑑𝑦

𝑑𝑥b  is the first order 
derivative of the curve equation 𝑦 = 𝑦(𝑥) in cartesian coordinates. The value of the curvature 
(Ƙ) for the concave and convex SAW devices was calculated using Equation (11) and at the 
point (0,0) which is in the middle of the SAW device where the chamber is placed at.   

Figure 2 shows the simulation and experimental results of microparticle patterning when the 
device was applied with its A0 mode (frequency of 13 MHz) to form SSAWs (the frequency 
details are given in Table 1) from cross-sectional and top views. The curvature (Ƙ) value was 
changed from 0 (flat) to ±60 m-1, ±200 m-1 and then ±600 m-1 for simulations and experiments. 

Figures 2(a-1) and 2(a-2) show the cross-sectional views of simulation results for acoustic 
pressure field and particle patterning (after applied with SAW for 10 seconds) on the flat 
geometry (e.g., the conventional SSAWs case). In this case, the microparticles are aligned onto 
the pressure nodes of the acoustic pressure field, in parallel lines with a nearly constant line 
distance. 

Figures 2(b) to 2(d) present the simulation and experimental results of particle patterning on 
concave geometries of the flexible SAW device. Numbers (1) to (4) in the figures show the 
acoustic pressure field (Pa) simulation, particle alignment from the cross-sectional view after 
simulation for 10 seconds, experimental results for particle alignment from cross-sectional 
view and top view, respectively. For the concave geometries, the patterned lines of particles 
become converged and have shown a slope towards the centre of the curvature of the device 
(see Figures 2(b) to 2(d), with different bending curvatures). For the concave geometries of the 
SAW device, when the centre of curvature of the device is located inside the chamber 
(Figure 2(b)), the particle lines will be converged towards the centre of curvature of the device 
but then diverged after passing through the centre of curvature. The line distances start to 
decrease as the lines are converged towards the centre of curvature, and after passing that point 
the lines start to diverge and the line distances start to increase. 

With the increase of curvatures of the concave geometries, there appears a weak acoustic 
pressure region (acoustic pressure is near zero, e.g., dotted black circle in Figure 2(d-1)), 
however, there are still pressure nodes (zero pressure positions) present in this area and the 
particles will pattern on the pressure nodes. But since this is a weak pressure region, the 
particles will not be patterned in complete lines and some still remain in the space between 
pressure nodes. We can see the accumulation of particle lines in this area. Additionally, Figure 
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2(d-2) shows that the particles at the two sides of the microchamber do not form any pattern 
which is attributed to the weak SSAW field at these positions with apparently random 
distribution of particles. Most particles aggregate at the two sides as shown in Figure 2(d-2) 
which have small pressure node regions (see the areas marked with dotted blue circles in 
Figure 2(d-2)). On the concave geometries, we can see clear particle patterning where the 
SSAW field is focused in the middle (e.g. the area marked with dotted blue circle in Figure 2(c-
2)). 

The simulation and experimental results of particle patterning on convex geometries of the 
flexible SAW device are shown in Figures 2(e) to 2(g). It should be noted that numbers (1) to 
(4) define the acoustic pressure field (Pa) simulation, particle alignment from the cross-
sectional view after simulation for 10 seconds, experimental results for particle alignment from 
cross-sectional view and top view, respectively. For the convex geometries, the particle lines 
have the opposite trends (i.e. compared with those of concave ones). They become diverged 
and have a slope away from centre of the curvature of the device as shown in Figures 2(e) to 
2(g) at different bending curvatures. The line distances are increased as the lines are diverged 
away from the centre of curvature. Increasing the bending curvature of the convex devices 
results in a weaker SSAW field especially near the top of the chamber (e.g., the area marked 
with dotted blue circles in Figure 2(g-2)) and the particles are randomly distributed in these 
areas. Further increase in the curvature causes the SSAW field to become even weaker and the 
particles will be randomly distributed inside the chamber. For these convex geometries, the 
patterning is clearer near the surface of the SSAW device compared to that on the top of the 
chamber (e.g. Figure 2(g-2)). 

The experimental results for cross-sectional views (which are located at the bottom of the 
microchamber) are consistent with the simulation results. We also compared the slopes of the 
particle lines for both the concave and convex geometries from the cross-sectional views in 
order to show the convergence and the divergence of the lines (The results are presented in 
Figure S-3 in the supplementary information). The top views presented in Figure 2 show that 
particles are aligned in parallel corresponding to the pressure nodes of the acoustic pressure 
field of the SSAWs. For both the concave and convex geometries, the line distances are not 
constant unlike the particle patterning on the flat SSAW devices. For the concave curvature of  
Ƙ = 600 m-1 (Figure 4(d-4)), particle patterning seems to be irregular. We believe that this is 
caused by the large acoustic pressure node area in the middle of the chamber (as has been 
confirmed from simulation results, e.g., the green area shown in Figure 2(d-1)), as the particles 
tend to move towards the pressure node area, and the patterns become irregular. 

Particle patterning was further performed on the concave geometries of Device 1 using the 
higher resonant frequencies of S0 and A1 modes (details are given in Table 1). The obtained 
results all show the patterning of particles using the SSAWs. With the increase of frequencies, 
the distributions of lines are similar as those under the A0 mode, but the line distances become 
smaller. 
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-4.0e5        0         4.0e5 [Pa]  

-3.5e5        0         3.5e5 [Pa]  -3.5e5        0         3.5e5 [Pa]  
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Figure 2 Patterning of microparticles on SAW device (Al foil substrate) with frequency f_A0 = 13.00 MHz (a) flat, 
(b) concave Ƙ = 60 m-1, (c) concave Ƙ = 200 m-1, (d) concave Ƙ = 600 m-1, (e) convex Ƙ = -60 m-1, (f) convex Ƙ = -200 m-1, 
(g) convex Ƙ = -600 m-1, simulation of (1) acoustic pressure (Pa), (2) particle alignment from cross-sectional view after 10 s 
and experimental particle alignment from (3) cross-sectional and (4) top views. 

Based on the results shown in Figure 2, the line distances are dramatically different from the 
top view and cross-section views. Figures 3(a) to 3(d) summarise the simulation data of line 
distances through the width of the microchamber at the top (Figures 3(a) and 3(b)) and also at 
half way up from the surface of the SAW device (Figures 3(c) and 3(d)) for both the concave 
and convex geometries.  

For the concave geometries, at the top of the chamber, the line distances at the two sides of the 
microchamber are smaller than those in the middle of the chamber (Figure 3(a)). However, at 
half way up from the surface of the SSAW device, the results are quite different depending on 
the curvature and geometry of the SSAW device (Figure 3(b)). For the two smaller concave 
curvatures (60 m-1 and 200 m-1), there is a similar trend compared with the line distances at the 
top of the chamber, but there is a decrease in the line distance values in the centre of the 
chamber. Whereas for the two larger concave curvatures (600 m-1 and 2000 m-1), the 
distribution trends of line distances are the opposite to that at the top of the chamber i.e. the 
line distances at the sides of the chamber are slightly larger than those in the middle of the 
chamber.  

For the convex geometries, the trends for the line distances at the top of the chamber are 
dependant on curvature and geometries of the SSAW device (Figure 3(c)). For the smallest 
convex curvature (-60 m-1), the trends for the line distances are nearly the same as the flat 
device. For the convex curvature of 200 m-1, the line distances at the two sides of the 
microchamber are smaller than those in the middle of the chamber. But for the 400 m-1 convex 
curvature, there is a slight decrease of the line distance values in the middle of the chamber. 
Whereas at the half way up from the surface of the SAW device, the trends for the line distances 
at the top of the chamber are reversed compared to the concave geometries (at the top of the 
chamber) i.e., the line distances at the sides of the microchamber are slightly larger than those 
in the middle of the microchamber (Figure 3(d)). 

Figures 3(e) and 3(f) compares the line distances of the experimental data from the top views 
through the width of the chamber for concave and convex geometries, respectively. The line 
distances are nearly constants for the flat device. For the concave geometries, the line distances 
at the two sides of the microchamber are smaller than those in the middle. Whereas for the 
convex geometry, the trends are reversed, i.e., the line distances at the sides of the 
microchamber are larger than those in the middle of the chamber. The experimental results 
show the same trends as those from the simulation results shown in Figures 3(a) to 3(d). Since 
in the experimental cases the SAW devices are not bent into perfectly symmetric curves, there 
are slight asymmetry of data in the experimental graphs. 

      200 µm       200 µm       200 µm       200 µm 
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In brief, our simulation results shown in Figure 3 clearly show the patterns of the particle 
distributions for both the concave and convex bending situations. For the concave geometries 
of the SAW device, the acoustic field would be focused, whereas for the convex geometries, 
the acoustic field would be diverged. These phenomena are similar to the results reported by 
Lim et al [51], who found that a non-flexible and spherical PZT with outer and inner surfaces 
representing convex and concave geometries could generate similar phenomena.  

(a)  (c)  

(b)  (d)   

(e)  (f)  

Figure 3 Comparison of the line distances with frequency of f A0 = 13.00 MHz (a) at the top of the chambe0; (b) half way 
up from the surface of the SAW device for concave geometries; (c) the top of the chamber; (d) half way up from the surface 
of the SAW device for convex geometries, all simulation results from cross-sectional view; (e) concave; (f) convex 
geometries, experimental data from top view. 

4.2 Lamb Wave Based SSAW on Al Sheet with 400 µm Wavelength 

For the second group of experimental studies, we have chosen Device 2 (with Al sheet 
thickness of ~ 200 µm and a wavelength of 400 µm and its details are given in Table 1). This 
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is a bendable device but with less flexibility because of its thickness. The surface finishing is 
slightly rougher than that of the Al foil in the previous case. In this case, we will focus more 
on the significantly bent Al sheet devices with very large curvatures (e.g., 1125 m-1 and 
2564 m-1) as for this thickness of Al sheet it can be stably fixed at its bent shape. This device 
exhibits three modes of A0, S0 and S1 Lamb waves as shown in Figure S-1(b). 

Figure 4 shows the simulation and experimental results for the acoustic pressure and particle 
patterning from cross-sectional and top views on concave devices agitated using A0 mode with 
two cases of curvatures of (1125 m-1 and 2564 m-1). 

Figures 4(a-1) and 4(b-1) show the simulation results of the acoustic pressure field and the 
pressure nodes. Figures 4(a-2) and 4(b-2) present the simulation results for particle patterning 
on the concave SAW device. Based on these simulation results of significantly bent conditions, 
the particle lines first converge towards the centre of curvature, then diverge after passing 
through the centre of curvature. When the concave curvature is 1125 m-1, the centre of 
curvature is within the chamber (Figure 4(a-1)). However, when the concave curvature is 
increased to 2564 m-1, the centre of curvature will appear below the chamber (Figure 4(b-1)). 
As previously discussed, at such extremely deformed geometries, there are weak acoustic fields 
at edges (as shown in Figures 4(a-1) and 4(b-1)). The larger the curvature, the more randomly 
distributed acoustic wave fields with enlarged areas at two sides of the chamber can be 
observed (Figure 4(b-1)). Because of this reason, strong streaming patterns will appear on both 
sides of the chamber (which have been confirmed from the experimental observations). This 
will lead to irregular particle arrangements at those positions (marked with dotted blue circles 
as shown in Figure 4(a-2) and 4(b-2)). Figures 4(a-3) and 4(b-3) show the corresponding 
experimental results from cross-sectional views of particle patterning. The particle lines for 
both concave conditions have been converged towards their centres (the images are locations 
near the bottom of the chamber) and the experimental and simulation results are consistent with 
each other. 

We have further simulated the bent SAW device with a curvature of 6500 m-1, and the cross-
sectional views of particle alignments and pressure distribution are shown in Figures 5(c-2) 
and 5(c-3). Figures 5(c-2) shows that the particle alignment became irregular and significantly 
distorted.  At the surface of the SAW device, the vertical spacing of lines have been increased, 
which is even larger than the horizontal distance. This is opposite to the flat SAW device case 
shown in Figures 5(a-1) and 5(b-1). Also, the simulation shows that at the surface of the bent 
SAW device, the particles are aligned converging to the centre of the curvature. Whereas the 
particles located at the top of the chamber are aligned diverging away from centre of the 
curvature. Therefore, this will cause chaotic distribution of particles from both top and cross-
sectional views. This is probably the reason that we did not observe any well-patterned 
alignment from either top or cross-sectional views experimentally.  

Figures 5(a-4) and 5(b-4) show two selected top view images of particle patterns on different 
concave and convex geometries using the A0 mode (the resonant frequency details are given 
in Table 1). All the other images for different bending curvature cases are shown in the 
supplementary information (Figure S-4). In these figures, on the convex geometries, the line 
distances are larger than those at the same distance in the chamber on concave geometries. In 
all the conditions, the line distances on both sides of the chamber are slightly larger than the 
line distances in the centre. As the frequency increases, the line distances decrease. 

Figures 4(a-5) and 4(b-5) show the line distances at different heights (bottom, middle, top) of 
the chamber, obtained from simulation results. In all conditions, the line distances at two sides 
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of the chamber are slightly larger than those at the centre. It can be seen from Figure 4(a-5), 
the line distances at the bottom of the chamber are larger than the distances at the middle, 
because the particle lines have been converged in this area. Near the top of the chamber, the 
particle lines begin to diverge, so the line distances at the top of the chamber is also larger than 
the line distances at the middle. When the concave curvature is large (Figure 4(b-5)), the centre 
of curvature appears below the chamber, so the particle lines inside the chamber are all 
divergent. As shown in Figure 4(b-5), the closer to the top of the chamber, the larger the line 
distances.  

The line distances at bottom of the chamber in the experiment can be obtained from 
Figures 4(a-3) and 4(b-3), and the distances at top of the chamber can be obtained from 
Figures 4(a-4) and 4(b-4). The results are shown in Figures 4(a-6) and 4(b-6). In all conditions, 
the line distances at two sides of the chamber are larger than those at the centre. It can be seen 
from Figure 4(a-6), the line distances at the bottom of chamber are similar to the distances at 
the top for the concave device with the smaller curvature of 1125 m-1. However, for the larger 
curvature of 2564 m-1 the line distances at the bottom of chamber are smaller than the distances 
at the top in Figure 4(b-6). This shows that increasing the curvature of the flexible devices 
increases the convergence of the particle pattern lines. The experimental results are in good 
agreement with the simulation results. In the experiments, the SAW devices are not bent into 
perfectly symmetric curves. The asymmetry of these SAW device curves results in slight 
asymmetry of data in the experimental graphs. 

(a-1)  (a-2)  
 

(a-3)  (a-4)  

 

(b-1)  (b-2)  (b-3)  (b-4)  

 

 (c-1)  (c-2)   

      200 µm 

      200 µm 

      500 µm 

      500 µm 

      500 µm       500 µm 

      500 µm 

      500 µm       500 µm 

      500 µm 
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(a-5)  (b-5)  

(a-6) (b-6) 

Figure 4 Patterning of microparticles on SAW device (Al plate substrate) with frequency of f_A0 = 6.03 MHz (a) concave 
Ƙ = 1125 m-1, (b) concave Ƙ = 2564 m-1, (c) concave Ƙ = 6500 m-1; simulation of (1) acoustic pressure (Pa); (2) particle 
alignment after 10 s and experimental results form (3) cross-sectional; (4) top views and comparison of the line distances 
from cross-sectional view at different heights from (5) simulation; (6) experiment. 

4.3 Rayleigh Wave Device 

In the third experimental case, effects of bending curvatures of Device 3 with a substrate 
thickness of 200 µm and a wavelength of 160 µm (details given in Table 1) were studied. In 
this device, Rayleigh mode was dominant (frequency of 17 MHz), and was utilized for 
generating standing waves (as the wavelength is smaller than the substrate thickness, and more 
information on Rayleigh wave can be found in the supplementary information). The simulation 
and experimental results of patterning of silica microparticles from the cross-sectional and top 
views and the graphs comparing the line distances are shown in Figures S-5 and S-6, 
respectively, in the supplementary information. 

The patterning of microparticles is consistent with those obtained from the Lamb wave device. 
However, for the Rayleigh wave device, the particle patterns are not well defined when using 
the Rayleigh wave mode, which might be due to the large values of roughness of the surface 
of the aluminium plate used in fabricating the SSAW devices. Compared with those of Lamb 
waves which are propagating mostly along the whole plates, the Rayleigh waves propagate 
much nearer to the surface of the device, thus the surface roughness will have more significant 
influence for the distortion of the patterns of particles. 

Errors caused by 
streaming patterns 

Errors caused by streaming patterns 
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Simulations were performed for the particle patterning and modelling of acoustic pressure 
fields on different concave and convex geometries from the cross-sectional views based on the 
parameters of the Rayleigh mode waves. The simulation results agree well with the 
experimental data, both of which show the convergence and divergence of the particle lines for 
concave and convex geometries. 

With the increase of the concave bending curvature, a large acoustic pressure node area, formed 
near the top of the chamber which will cause all the particles in this area to accumulate into 
two lines in the middle of the chamber. Whereas at the two sides of the chamber, there is a 
weak SSAW field formed, thus there are accumulated particles and poor alignment patterns at 
these locations. With the increase of the convex bending curvature up to 200 m-1, the particle 
patterning is clear and regular. However further increase of the bending curvature causes the 
deterioration of alignment patterns for microparticles. 

For the concave geometries of the SAW Device 3, the particles are patterned well in line 
positions in the middle of the chamber. However, for the convex geometries, it is harder to 
obtain a larger area with regular patterns on all the curvatures (apart from the curvature of            
-200 m-1), probably because of the weaker acoustic SSAW pressure field. From both 
experimental and simulation results, we can conclude that for this Rayleigh wave device, the 
concave bending geometries result in more regular particle patterns. 

We further compared particle patterning obtained from the Rayleigh wave device with the 
Lamb wave device results. For the concave geometries with the same curvatures 200 m-1, the 
Lamb wave device produces regular particle patterns near the lower half of the chamber, but 
the patterns of the particles are similar at upper heights of the chamber for both devices. 
Whereas for the convex geometry with the same curvature -200 m-1, particles are patterned 
more regularly for the Rayleigh wave device through the height of the chamber, if compared 
with those from the Lamb wave device. For the Lamb wave device, the patterning is regular at 
the lower half of the chamber compared to the upper half. The reason for this phenomenon can 
be explained by the fact that the Rayleigh waves (which propagate nearer to the device’s 
surface) could have interacted effectively with the liquid, and thus be dissipated more 
efficiently into the liquid. This will result in regular patterns of particles in the vertical direction 
and 3D pattern. Lamb wave (A0 mode) is the flexural wave, which is less efficient to transfer 
the energy into the liquid. 

4.4 Patterning Demonstration Using Twisted ZnO/Al Foil Device 

In addition to being bent into various concave and convex surfaces, our flexible SAW devices 
can also be twisted in different geometries (e.g., with one illustration in Figure 1(d)). Twisting 
the SAW device actually changes the IDTs’ positions from two parallel ones into two IDTs 
with an inclined direction and a twisting angle (compared with the similarly positioned 
chamber walls), but also each of the IDTs has been bent into a shape with a curvature (see 
Fig. 1(d)). We further investigated the effects of different twisting-up geometries of the flexible 
SAW Device 1 on particle patterning. Different twisting geometries of the flexible SAW 
devices are shown in the supplementary information (Figure S-7). 

Figures 5(a) and 5(b) show two selected top view images of microparticle patterning when the 
flexible Device 1 was twisted up along 45 degree from the original IDT directions, with 
twisting angles of (a) 115° and (b) 95°. They were all applied with the A0 mode to form SSAWs 
(the frequency details are given in Table 1). The IDT directions in these two cases are indicated 
as shown in Figure 6(a) and 6(b). 
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The microparticles were found to be patterned into regularly distributed lines which are parallel 
to the deformed IDTs of the SAW device for all the different twisting geometries. It can also 
be observed that with the increase of twisting-up curvatures, the lines are inclined but still in 
parallel to the IDTs, although there are imperfect lines formed, probably due to the significantly 
bent and inclined two IDTs (see Figure 6(b)). We also observed that the width of each line is 
quite broad, due to the deformed and bent IDTs.  

      (a)          (b)     

Figure 5 Patterning of silica microparticle patterning on twisted ZnO thin film on Al foil substrate flexible SAW device 
with frequency f_A0 = 13.00 MHz and (a) twisting angle 115°, (b) twisting angle 95° and for a microchamber parallel to 
the IDTs  from the top view. 

4.5 Demonstration Using Yeast Cell Patterning 

Yeast cells were patterned on different concave geometries using both the Devices 1 and 3, and 
the top and cross-sectional views of examples for the cell patterning are shown in Figure S-8 
in supplementary information. Similar to those of the microparticles, these yeast cells can be 
patterned at the pressure nodes of the acoustic pressure field in lines which are convergent as 
clearly seen from the cross-sectional views. We showed that using our flexible SAW devices, 
it is possible to manipulate and pattern biological cells despite their large size variations and 
their strong tendency to adhere to each other. In literature, a lot of studies [8-12] have shown 
that SAW manipulation is biocompatible, which will conserve cell viability and proliferation 
with minimal or insignificant change of the cells functionality. It was reported that after SAW 
manipulation the cells remained alive and were able to reproduce and function normally even 
after a day [8, 9]. SAW manipulation was proved to cause no significant damage to the cell’s 
physiology [10]. It was shown that if low voltages are used for SAW manipulation, there are 
minimal effects on the cell’s viability. However increased voltages should be used with caution 
as it may affect cells’ viability adversely [11, 12].  So it will be possible to design and build 
different flexible acoustofluidic systems such as flexible acoustic cell tweezers, flexible 
acoustic microparticle/cell sorters and even flexible enrichment setups using our 
flexible/bendable SAW devices. 

5 Conclusions 

In this paper, we investigated the acoustofluidic behaviour of flexible SAW devices using 
Rayleigh and Lamb wave modes and studied the effects of different bending curvatures and 
twisting geometries of these flexible SAW devices on patterning of microparticles and cells in 
a microchamber which demonstrates the possibility of applying our flexible acoustofluidic 
systems into biological applications.  

• Bending the flexible SAW devices in concave geometries results in the particle pattern lines 
to become converged with a slope towards the centre of the curvature of the geometry. 
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Significantly increasing the curvature of the concave geometries will result in the alignment 
of particles approximately parallel in the middle of the chamber. However, weak particle 
patterning is also observed at the two sides of the microchamber due to the weaker SSAW 
field in these areas.  

• Bending the flexible SAW devices in convex geometries changes the distribution of particle 
pattern lines; they become diverged with a slope away from centre of the curvature of the 
geometry. For the convex geometries, increasing the curvature of the devices will cause a 
stronger pressure anti-node area near the middle of the microchamber which will drive the 
particles away from these areas. With further increase in the curvature of the convex 
geometries, a weaker SSAW field acoustic pressure node area forms in the middle of the 
chamber near the top, and the particles accumulate there with a poor pattern.   

• For the concave geometry, particle alignment is more efficient near the surface of the Lamb 
wave device. Whereas for the same convex geometry, for the Rayleigh wave device the 
patterning is more efficient at the top of the chamber, mainly because of the efficiency of 
wave energy dissipation into the liquid to form SSAWs.  

• Particle patterning was performed on twisted SAW devices which resulted in changes to 
the IDTs positions’ from original flat and parallel ones to those with an inclined direction 
at a twisting angle. In these cases, the microparticles patterned into lines parallel to the 
twisted IDTs for each twisting geometry. 
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