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A B S T R A C T   

This paper presents an acoustically actuated microfluidic mixer that uses an array of hydrodynamically coupled 
resonators to rapidly homogenise liquid solutions and synthesise nanoparticles. The system relies on 8 identical 
oscillating cantilevers that are equally spaced on the perimeter of a circular well, through which the liquid so-
lutions are introduced. When an oscillatory electrical signal is applied to a piezoelectric transducer attached to 
the device, the cantilevers start resonating. Due to the close proximity between the cantilevers, their circular 
arrangement and the liquid medium in which they are immersed, the vibration of each cantilever affects the 
response of its neighbours. The streaming fields and shearing rates resulting from the oscillating structures were 
characterised. It was shown that the system can be used to effectively mix fluids at flow rates up to 1400 µl.min− 1 

in time scales as low as 2 ms. The rapid mixing time is especially advantageous for nanoparticle synthesis, which 
is demonstrated by synthesising Poly lactide-co-glycolic acid (PLGA) nanoparticles with 52.2 nm size and PDI of 
0.44.   

1. Introduction 

Rapid and effective mixing of reacting chemicals in controlled time 
scales is crucial for the synthesis of new materials [1,2], studying and 
tuning nucleation events [3] as well as assembly of organic and inor-
ganic nanoparticles with uniform size and size distribution [4]. Con-
trolling the efficiency and time of mixing is not a simple task using 
conventional batch methods, where the concentrations of reacting so-
lutions fluctuate over a few seconds before the mixture fully homoge-
nises [5], which may result in inhomogeneity of products for reactions 
with a fast kinetics. Acoustically actuated microfluidic systems offer 
unique advantages to mix sample volumes at stable concentrations, and 
varying times. Both of these can be employed to tune the morphology 
and size of the generated particles, which in turn control their func-
tionality [4]. 

Acoustically actuated mixers commonly rely on acoustic streaming, 
the attenuation of propagated sound wave within viscous fluid, as the 
main mechanism to enhance mixing. Generally, acoustic streaming 
within microfluidics is generated by either surface acoustic waves 
(SAWs) or bulk acoustic waves (BAWs) [6,7]. In SAW devices, a sound 
wave travelling on the surface of the substrate, along the interface of the 

fluid with the substrate, interacts with the fluid medium, exerting a body 
force which generates a streaming velocity. In BAW devices the wave 
travelling along the thickness of the substrate scatters into the fluid 
medium. Although SAW devices benefit from better control over actu-
ation frequency, BAW microfluidics provides advantages such as higher 
throughput, facile and cost effective fabrication [6,8]. In micron scale, 
when an oscillating structure is in contact with fluid, the viscous dissi-
pation in the viscous boundary layer is the main mechanism driving 
acoustic streaming in the bulk of fluid. This is due to no slip boundary 
condition between solid and fluid generating a velocity gradient in 
viscous layer, which is known as boundary driven acoustic streaming. 
Further, the boundary layer streaming induces a streaming within bulk 
of the fluid named outer streaming or bulk streaming i.e. observable 
streaming [9]. This concept has been successfully used to fabricate 
acoustic microfluidic mixers with efficient mixing within millisecond 
ranges [10–12]. 

It has been shown that oscillating sharp edge cantilevers can be used 
effectively to generate acoustic streaming within microfluidic channel 
by introducing discontinuities at the tip of the vibrating cantilevers 
[13,14]. A thorough numerical analysis on sharp edge geometry and its 
effect on the strength of acoustic streaming is covered widely [15,16]. It 
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is presented that cantilevers with sharper tips are more desirable since 
these can generate larger acoustic streaming thus better performance for 
intended applications [13]. In recent years, acoustic microfluidic de-
vices based on sharp edged PDMS structures, bottom and top sides of 
which are fixed to the channel base and ceiling have been demonstrated 
for different applications such as cell lysis [17], pumping [18] and 
mixing [13] with remarkably improved performance. 

Despite their impressive efficiency and speed, acoustically actuated 
microfluidic mixers are typically limited to low throughput (low 
µl.ּmin− 1 range) operation. To maintain the efficiency at increased flow 
rates, the acoustic disturbance must be substantially improved, so that 
the mixing remains acoustic rather than advection dominated. 

Varying flow rate operation can be accomplished by integrating 
acoustically oscillating structures with passive Tesla structures [19]. 
Additionally, combination of both oscillating sharp edges and micro 
bubbles [20] have also shown to be an effective methods in increasing 
throughput to ml. ּmin− 1 ranges. However, the low elastic modulus and 
high damping materials (such as PDMS) used in some of the earlier 
approaches continue to limit the full dynamic potential of such oscilla-
tors, which in turn, compromise their throughput and mixing time. 
Increasing the stiffness and actuation frequency of the oscillators while 
maintaining a sufficient displacement amplitude could potentially 
improve the disturbance further even at significantly higher flow rates. 

To demonstrate this potential, we have recently embedded resona-
tors made of stiffer structures made of high elastic modulus materials 
such as silicon nitride (SiN) and Silicon (Si) [14,21]. These devices can 
operate at higher frequencies compared to other acoustically activated 
devices. In all of these cases, implementation of free-standing oscillatory 
structures with high actuation frequency introduces stronger body 
forces in the fluid medium and stronger acoustic streaming [14,21]. It 
has been shown that these devices were able to operate at flow rates 
approaching 8 ml.ּmin− 1 providing a 4-fold improvement in throughput 
over similar approaches [14,21,22]. These devices were successfully 
demonstrated in self-assembly of different nanoparticles [14,21,22]. 

Here, we show that the mixing time could be further reduced; the 
device fabrication could be simplified and made more robust while 
maintaining a sufficiently high throughput operation. We propose a 
Lotus shaped acoustic mixer containing eight freestanding silicon-based 
sharp edge oscillators actuated at their resonant frequency. Essentially, 
the nature of freestanding oscillators gives more flexibility in their vi-
bration amplitude and the silicon oscillators provide a stronger body 
force thus generating stronger acoustic streaming in comparison to its 
PDMS oscillating counterparts. Due to its unique fabrication method, the 
device could be produced by precisely controlling the oscillating 

geometry, therefore it offers better control on actuation frequency. 
Additionally, confining the sharp edges within a circular boundary 
shrinks the effective mixing length to the thickness of the oscillators. 
Taking advantage of these features, the mixing time is reduced by up to 
6-fold compared to our previous mixer and maintain operating flow 
rates up to 1400 µl.min− 1 with mixing efficiency of 90%. As a proof of 
concept, the Lotus shaped mixer was employed for the self-assembly of 
poly (lactide-co-glycolic acid) (PLGA) nanoparticles. PLGA is a biode-
gradable polymer and is widely used as carrier in drug delivery appli-
cations. The device was capable of producing nanoparticles with size 
and PDI of 52 nm and 0.44, respectively. 

2. Methodology and characterisation 

2.1. Device fabrication and assembly 

Fig. 1a shows the fabrication process for the device, which contains 
freestanding oscillating sharp edge cantilevers sandwiched between two 
PDMS channels. Two inlets from the bottom channel are used to deliver 
the fluids to the central mixing region. The homogenised fluid exits from 
the top channel. Double side deep reactive ion etching (DRIE) was 
implemented to fabricate the freestanding cantilevers. SU-8 3025 was 
coated on both sides of a 300 µm thick double-sided polished Si wafer 
(100-orientation). A standard photolithography procedure (EVG 6200 
mask aligner) was used to pattern the cantilever features on the top side 
of the Si wafer. Next, 1-mm-diameter circular wells were produced on 
the backside of the wafer. The Lotus root pattern contains eight trian-
gular cantilevers the base width and length of which are 70 and 400 µm, 
respectively. DRIE process was used to etch the backside of the wafer to 
a depth of 230 µm and the topside was etched-through the wafer to 
release the freestanding cantilevers with thickness of 70 µm. The devices 
were then diced, sandwiched between two PDMS channels, and a 1-mm 
thick ceramic piezoelectric (PZT) disk (PZ26 Maggit pty) was attached 
on each chip using epoxy glue (Fig. 1b). In the experiments, the PZT was 
actuated using Standford Research System DS345 signal generator and 
the output signals were amplified by T&C power conversion, INC. AG 
1006 amplifier at 0.1% gain. 

2.2. Simulation 

Comsol Multiphysics v5.1 was used to study frequency response of 
single cantilever in 3D mode by applying a body load on the cantilever 
following a frequency sweep within 500–1500 kHz range with an 
increment of 10 kHz. Later, the maximum frequency response as result 
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Fig. 1. a) Device fabrication process and b) schematic of the assembled device. (i) Top view of Lotus shaped structure.  
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of the in-plane mode of vibration was used as an input to study hydro-
dynamic effect of solid structures and its corresponding streaming ve-
locity exerted on the fluid (water in this study). A 2D Thermoviscous 
Acoustic-Solid Interaction study was used for this purpose. The study 
was performed by applying a body load on the whole Lotus shaped 
structure at the frequency corresponding to in-plane vibrational mode of 
cantilevers. In order to avoid singularity effects, the cantilevers’ tip were 
rounded to a 1 µm radius. Table 1 presents the parameters considered for 
the FEA analysis. The minimum and maximum mesh sizes were chosen 
based on earlier work [14,21]. Considering viscous boundary layer 
thickness (ν), the minimum mesh size was selected as (ν/3) at fluid–solid 
boundary with maximum mesh size of (10*ν) in the fluid domain in 
order to minimise computational memory. 

2.3. Characterisation 

2.3.1. Scanning electron microscopy (SEM) 
FEI Nova NanoSEM 430 Instrument was used to characterise cross- 

section and the length of cantilevers after fabrication. The images 
were captured at current of 56 pA and voltage of 5 kV. 

2.3.2. Estimating the resonant frequency of the device 
Polytec MSA-400 LDV employed to measure the resonant frequency 

of sharp edge cantilevers (out of plane mode). The mode of measure-
ment was set on periodic chirp within 500–1500 kHz range at the region 
of interest (scanning mode). In addition, 6 µm fluorescent tagged poly-
styrene particles (Duke Scientific Corp. Palo Alto) were used to visualise 
the acoustic streaming generated by vibration of cantilevers. Frequency 
sweep performed at zero flow rate within 500–1500 kHz with 10 kHz 
step size (0.65–3.33 W power input) and the particle behaviour were 

recorded by Nikon upright microscope equipped with a camera. The 
resonant frequency was found at 680 kHz as the device generates 
strongest streaming at this frequency. Furthermore, Comsol multi-
physics 5.1 was used to numerically estimate the in-plane mode of vi-
bration and hydrodynamic effect of cantilevers on the streaming 
velocity and their oscillating behaviour. The methodology for the 
simulation adopted from the ref [21]. 

2.3.3. High speed videography 
HX6 high-speed digital camera (Model number: ST-826) used to 

monitor velocity of polystyrene particles (diameter: 6 µm) around each 
individual cantilever. Recordings were made at 41,190 frames per sec-
ond, frame size of 320*280 pixels (2 µm/Pixel), shutter speed of 24.1 µs 
and pixel bit depth of 12. The mean particle velocity in the horizontal 
plane around each tip was analysed with droplet morphometry and 
velocimetry (DMV) software [23]. A total of 1750 frames were examined 
to measure average particle velocity for the whole structure and particle 
trajectories as well as pathlines were post processed via MATLAB using 
raw data extracted from DMV. 

2.3.4. Mixing efficiency 
Mixing efficiency was measured by mixing fluorescent dye and water 

at different flow rates and calculating relative mixing index (RMI) 
adopted from ref [21] in the region of interest (ROI). The relative mixing 
index, RMI was calculated by: 

RMI = 1 − σ
/

σ0,

where σ and σ0 are the standard deviations of pixel intensity in mixed 
and unmixed region of interest and are obtained by: 
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N is the number of pixels, Ii, <I > and Ioi are the local pixel intensity 
of the mixture, average intensity of the region of interest and local pixel 
intensity in unmixed mode respectively. 

2.3.5. PLGA nanoparticle assembly and size characterisation 
Initially, 1 mg.ml− 1 PLGA solution in Acetone was prepared. The 

PLGA nanoparticles were formed as result of nucleation and growth 
during the super saturation process by mixing PLGA solution (solvent) 
and water (anti-solvent) via Lotus shaped acoustofluidic mixer at flow 
rate and flow rate ratio of 1 ml.min− 1 and 1:1, respectively. Further, the 
size of particles was characterised using dynamic light scattering (DLS) 

Table 1 
Parameters of the finite element analysis (FEA).  

Parameter Symbol Unit Value 

Fluid Water 
Density ρf Kg.m− 3 1000 
Speed of sound Cf m.s− 1 1500 
Frequency f MHz 0.79 
Viscous boundary layer ν nm 585 
Maximum mesh size ef µm 5.85 
Curvature factor – – 0.2 
Mesh growth factor – – 1.08 
Solid 

Silicon (Solid 〈100〉 ) 
Mesh size (General Physics: Finer) 

Fluid-Solid boundary layer 
Number of layers: 3 
Boundary stretching factor: 1.2 
Thickness of layer: 195 nm  
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Fig. 2. a) FEA analysis of cantilever’s frequency response. b) Direction of shear and normal forces on the cantilevers with respect to mode of vibration.  
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and transmission electron microscopy (TEM). For DLS analysis, three 
replicates were prepared and for each sample three measurements each 
comprising 10 cycles were performed using Zetasizer Nano ZS and size 
distribution of the particles were analysed using intensity percentage. 
TEM images were collected using FEI Tecnai G2 T20 TWIN LaB6, at 200 
kV accelerating voltage. Six independent images were analysed using 
imageJ software. The poldydispersity of the sample was calculated with 
a total counting of 68 particles using Gaussian fit by Origin pro software. 

3. Results and discussion 

3.1. Simulations of the dynamic behaviour 

The mixing within Lotus shaped mixer occurs as a result of acoustic 
streaming within the bulk of fluids [14,21,22,24]. When a high fre-
quency alternating current is applied to a piezoelectric transducer 
attached to the device, the cantilevers start oscillating. This, in turn, 
perturbs the laminarly flowing fluid media surrounding them generating 
extremely high fluid particle velocities as discussed in section 3.2. The 
vibrational properties of the cantilevers and the coupling between them 
play a significant role in the strength of the streaming within the fluid 
medium. Thus, it is necessary to determine the actuation parameters. 

To determine the optimum actuation parameters, the eigen-
frequencies of the cantilevers were estimated with a finite element 
analysis (FEA) (Fig. 2a). Accordingly, the first two resonant modes of 

each cantilever occur at 790 kHz and 1050 kHz corresponding to in- 
plane and out-of-plane modes, respectively (the out of plane mode 
was confirmed with a Laser Doppler Vibrometer scan). For the present 
device configuration (Fig. 2b), it is hypothesised that when the out of 
plane mode is actuated, the streaming will not be significant due to the 
combined effect of the cantilever geometry and the backpressure exerted 
by the fluid flow [25]. In contrast, the in-plane vibrational mode 
(perpendicular to the flow direction) and the shearing forces resulting 
from it have the potential to drastically perturb the flow profiles and 
rapidly mix and homogenises liquids. 

As a next step, considering only the (in-plane) 1st mode of vibration 
(Fig. 3), the dynamic behaviour of the resonating cantilevers embedded 
in the fluid medium and the corresponding streaming patterns through 
2D FEA simulations were studied. Here, three different scenarios were 
taken into account: (i) all 8 cantilevers are identical; (ii) one cantilever is 
shorter than the others, and finally, (iii) one cantilever is longer than the 
others. The latter two cases were considered to take into account any 
slight geometric variations, which may occur due to the lithography 
process. Since the cantilevers are hydro-dynamically coupled, any slight 
variation could in turn affect the collective resonant frequency or 
vibrational phase. 

The entire structure was vibrated at 790 kHz and the displacement of 
the cantilevers, the corresponding streaming velocities and shear rate 
distributions were calculated for all three cases. When all cantilevers are 
identical in length, they are oscillating in phase. The motion of each 
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cantilever pushes the fluid towards its neighbour, and exerts pressure on 
it. This results in a higher hydrodynamic dissipation, and reduces the 
cantilever displacement [26]. As a result, this case resulted in a 

relatively smaller vibration amplitude (Fig. 3i) than the other two sce-
narios. On the other hand, the synchronicity is compromised once the 
length of a single cantilever is varied (Fig. 3ii and iii), leading to less 
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a) b)RF OFF RF ON0 Watt 3.33 Watt

Fig. 4. Streaming patterns at 680 kHz under no flow rate; a) before and b) after actuation.  
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added mass on adjacent cantilevers, and therefore, less hydrodynamic 
dissipation. While this does not dramatically change the maximum ve-
locities and shear rates observed within fluid medium, the simulation 
results indicate that larger displacement amplitudes are observed for 
cases (ii) and (iii) with the latter resulting in maximum displacement. 
The larger displacements can be attributed to the extension of maximum 
velocity and shear rate distribution within fluid medium (i.e., larger 
fluid medium experiencing maximum velocity and shear rate). It was 
also noted that geometric irregularities may result in nonlinear modes, 
especially when the coupling between the cantilevers gets stronger (i.e., 

when the space between neighbouring cantilevers is reduced). 
Therefore, based on aforementioned results, it could be suggested 

that in order to have a stronger streaming, it is desirable to minimise the 
coupling effect between oscillating cantilevers with appropriate prox-
imity that provide enough synergic effect in efficient fluid perturbation 
[27]. 

3.2. Experimental analysis 

Next, the assembled device comprising of 8 cantilevers immersed in a 
liquid medium was tested with fluorescent polystyrene (PS) particles 
and the streaming generated within the 500–1500 kHz actuation fre-
quency range was visualised. As hypothesised above, the streaming 
behaviour was only observed at an actuation frequency of 680 kHz, close 
to the calculated 1st (in-plane) resonant frequency. (Fig. 4 and supple-
mentary video S1). It is noted that the optimum experimental actuation 
frequency is smaller than the simulated value potentially due to the 
effects of liquid damping and interaction between adjacent cantilevers. 

To estimate the streaming velocities, the particle trajectories at zero 
flow rate within the device through high-speed videography was ana-
lysed. As shown in supplementary video S2, upon acoustic actuation, 
particles are pushed towards the tip of each cantilever (where the 
maximum streaming velocity is observed) and accelerated towards the 
centre of the circular region. Fig. 5a shows the streaming velocities at 
different time intervals measured by MATLAB using DMV results. The 
device can achieve maximum particle velocities exceeding 17 cm.s− 1. 
The observed result is 5, 10 and 100 times higher than similar devices 
containing sharp edge structures, SAW based devices and similar bulk 
acoustic microfluidic mixers [17,28,29]. The maximum velocities are 
observed near cantilever tips and help pushing particles towards the 
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center of the circular mixing region. Fig. 5b shows the mean velocity 
distribution of particles at six time points covering the first 1.2 s after 
actuation. 

The maximum velocities observed in the upper right quarter are 
consistently above 17 cm.s− 1, throughout the recorded frames, high-
lighting the stability of uniform fluid perturbation. On the opposite side, 
the maximum velocities at the bottom left region remain smaller than 5 
cm.s− 1. It is hypothesised that this spatial variation in velocity between 
different regions could be due to slight differences in the cantilever 
geometries caused by the fabrication process. This is in agreement with 
streaming velocity distributions from simulation results scenarios (ii) 
and (iii). Particle velocities at all regions are considerably higher than 
what was observed by earlier approaches. Due to their high Young’s 
modulus and mechanical stiffness, the silicon cantilevers operate in 
higher actuation frequencies compared to similar devices made of 
PDMS. This exerts higher body force into the fluid medium leading to 
stronger streaming velocities. Based on these high velocities and their 
spatial variation within the circular region, the device has a significant 
potential to enhance mixing within micron size channels at very fast 
time scales. 

3.3. Application as a mixer 

3.3.1. Mixing efficiency and mixing time 
The capability of the device as an acoustic micro mixer was exam-

ined. Fig. 6 presents the region of interest (ROI), the mixing efficiency 
and mixing time with respect to total flow rate. The device was capable 
of mixing fluids at a 94% efficiency and a 1400 µl.min− 1 flow rate. The 
Lotus shaped acoustic device can be easily operated at higher flow rates 
without needing additional passive components, a strategy used in some 
earlier designs to improve throughput [19]. It is noted that the Lotus 
design has unique advantages. The device employs 8 free-standing Si 
cantilevers positioned around the perimeter of a circular well. Si canti-
levers have a higher stiffness, and, as importantly, a smaller damping 
coefficient than their elastomeric counterparts. The former ensures 
higher body forces can be imparted into the fluid, hence generating a 
stronger streaming field, the latter contributes to higher flowrate oper-
ation as it overcomes the backflow pressure more efficiently. As two 
liquids are passing through the well, all of the 8 cantilevers vibrate at the 
same time, at high amplitudes, in a plane perpendicular to the flow di-
rection. Hence the vibration of each cantilever contributes to perturbing 
the fluid flow [14,22] resulting in a more effective mixing of fluid par-
ticles in shorter time scales. However, as the backflow pressure increases 
i.e. higher flow rate, it dominates the resonators’ stiffness resulting drop 
in acoustic streaming strength. In Lotus shaped acoustofluidic device, 
the resonators stiffness could withhold backflow pressures up to 1400 µl. 
min-1 without compromising the mixing performance. As the flowrates 
are increased substantially, the mixing efficiency is expected to drop. 

Another factor contributing to faster mixing (6- fold improvement 
over our previous higher throughput acoustic mixer) is the reduction of 
the mixing length from 500 to 70 µm in this design [22]. Complete 
mixing is achieved as the fluids travel through the cantilever thickness (l 
= 70 µm), which is substantially shorter than earlier devices. (The 
mixing time is estimated by tmix = l

u where l and u are the mixing length 
and average fluid velocity, respectively.) At a flowrate of 1400 µl.min− 1, 
two liquids can be mixed in 2 ms with an efficiency of 80% while the 
maximum observed efficiency is 94%. As the flowrate increases to 1400 
µl.min− 1, the higher back flow pressure dominates the cantilevers’ 
damping coefficient, which reduced the mixing efficiency to 80%. 

3.3.2. PLGA self-assembly 
As proof of concept, the Lotus shaped acoustic device was deployed 

for self-assembly of PLGA nanoparticles. Fig. 7a shows the size distri-
bution of PLGA nanoparticles measured by DLS with an average hy-
drodynamic diameter of 113 nm. The TEM images (Fig. 7b and c) 

showed formation of particles with average size of 52.2 nm and PDI 
0.44. Super saturation rate (the rate of uniform mixing between solvent 
and anti-solvent) and the concentration gradients across the solutions 
play a crucial role in the formation of nanoparticles with a narrow size 
distribution. Further reducing the mixing time beyond what is reported 
here without compromising the mixing efficiency will potentially lower 
the concentration gradient across the solutions providing identical 
growth rates for each nucleation site and hence result in a narrower size 
distribution. 

Depending on the chemical system being considered, it is anticipated 
that geometric modifications to the Lotus mixer can be used to tune the 
particle uniformity. For instance increasing the number of cantilevers 
would lead to reducing the surface area where fluids are mixed as they 
pass the mixing section, which essentially reduces the mixing time. This 
increases the rate of super saturation as well as the nucleation sites 
resulting in nanoparticles with smaller size. Similarly, changes in the 
cantilever geometry can be used to enhance the mixing strength. 

4. Conclusion 

This paper introduces a Lotus shaped acoustic micro-mixer that can 
be actuated at high frequencies with mixing efficiencies as high as 94%. 
The new design enables the actuation frequency, stiffness of oscillating 
sharp edges as well as mixing time to be easily tuned for the specific 
applications. The simulations and experimental results showed that 
effective fluid perturbation can be achieved when mode of oscillation 
induces shear forces within bulk of medium (in-plane mode in this 
study) and hydrodynamic coupling between oscillators are minimised. 
Further, monitoring particle velocities resulting from acoustic streaming 
via high speed videography analysis showed that the device is capable of 
inducing fast perturbation within fluid medium reaching a maximum 
particle velocity of 17 cm.s− 1. Compared to our previously reported 
device, we were able to improve mixing time by 6 fold at a given flow 
rate via reducing mixing length while maintaining the mixing efficiency 
achieving a minimum mixing time of 2 ms with a maximum operating 
flow rate of 1400 µl.min− 1. Using Lotus shaped acoustofluidic device, 
PLGA nanoparticles as small as 52 nm were assembled. The potential use 
of this device is not limited to mixing only but also for various appli-
cations such as sonoporation [30], cell lysis [31] and kinetics mea-
surements [10,32]. 
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