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Abstract
Controllable manipulation of micro/nano-particles and biological organisms are essential for the engineering development 
of miniaturized lab-on-a-chip systems in the application of physical, chemical, and biological researches. In this paper, a 
series of phononic crystal structure based acoustofluidic devices, which are actuated by incident plane wave at different 
frequencies, have been proposed and numerically investigated for micro-particle manipulation. The interaction between dif-
ferent phononic crystal structures and ultrasonic waves, providing reflection, scattering and diffraction, can generate diverse 
spatial variations of sound field distribution along the wave propagation path. The combination of phononic crystal structures 
and lab-on-a-chip devices is beneficial to overcome the monotonousness of the acoustofluidic field distribution for various 
physical and biochemical applications. The movement trajectories of micro-particles under the influence of acoustic radiation 
forces and acoustic streaming induced drag forces are also simulated to demonstrate the particle manipulation capability of 
the designed acoustofluidic device. Our simulation results suggest the possibility of considering phononic crystal structures 
as an effective ingredient to customize acoustofluidic field for constituting diverse lab-on-a-chip devices in the investigation 
of rapid microfluidic mixing and non-invasive manipulation of bio-organisms.
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1  Introduction

Integrated microfluidic devices, also known as “lab-on-
a-chip” systems (Folch 2012), have achieved increasing 
attention and played a fundamental role in the field of 
micro-/nano-scale particle manipulation (Li et al. 2013), 
biochemical reaction (Ohno et al. 2010), total analysis of 
bio-samples (Lisowski and Zarzycki 2013), locomotion 
mechanism of autonomous micro/nanomachines (Lu et al. 

2019), point-of-care diagnostics (Frank 2013), and at-home 
tests for various health issues (Srinivasan et al. 2004), and 
so on. However, there have been limitations and challenges 
in the development process, in particular with difficulties 
associated with the microfluidic chip interconnection to 
other auxiliary instruments and in the precise and harm-
less manipulation process of living bio-organisms (White-
sides 2006). For instance, a large proportion of microflu-
idic driving methods currently used require either external 
pressure-driven pumps or strong optical/electric/magnetic 
field, which brings a series of disturbing problems such as 
loss of valuable samples by imprecision control along the 
microfluidic channel and irreversible damage of fragile cell 
membranes and organelles (Stone and Kim 2001; Ehrnström 
2002; Temiz et al. 2015).

To provide sufficient driving forces that can overcome 
the viscous resistance caused by the surrounding media or 
the adhesive effect at the solid–fluid interfaces and achieve 
precise control of micro-/nano-scale particles and bio-organ-
isms in a microfluidic chamber, researches worldwide have 
verified and developed numerous driving and manipulation 
methods for capturing, transporting, rotating, and separating 
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of micro-/nano-scale objects (Dalili et al. 2018). Existing 
active manipulation methods of micro-/nano-scale parti-
cles and bio-samples, including mechanical (Jericho et al. 
2004), electric/dielectric (Zhou et al. 2018), magnetic/dia-
magnetic (Reverté et al. 2016), optical (Kotz et al. 2004), 
thermal (Chen et al. 2016), and acoustic forces (Luong and 
Nguyen 2010), take advantages of intense driving forces and 
comparatively high manipulation precision. Conventional 
passive manipulation techniques, including particle filtra-
tion (Yamada and Seki 2005), inertial movement (Di Carlo 
2009), and hydraulic driving (Kim et al. 2015), take advan-
tages of simple instruments and relatively high throughput.

Among the above-mentioned manipulation techniques, 
the theoretical and experimental researches on micro-parti-
cle or bio-organism manipulation assisted by acoustofluidic 
field, mainly including acoustic radiation forces and acoustic 
streaming induced drag forces, have gained rapid develop-
ment and widespread attention (Lin et al. 2012; Hu 2014). 
Acoustic radiation forces originate from the interaction of 
sound fields with particles when there are acoustic prop-
erty differences between particles and surrounding media 
(Bruus 2012a), while acoustic streaming vortices are usually 
caused by ultrasonic energy absorption in viscous media 
(Lighthill 1978a). Different from acoustic radiation force, 
acoustic streaming is a kind of steady fluidic flow and can 
be generated without the existence of particles in an acous-
tofluidic field (Friend and Yeo 2011). Acoustic manipulation 
methods are commonly considered to have inherent mer-
its like low power consumption, little physiological harm 
to controlled bio-organisms (biocompatibility) (Wiklund 
2012), contactless and non-invasive manipulation process 
(Lam et al. 2016), non-dependence on electromagnetic or 
optical properties (Connacher et al. 2018), and easy-to-use 
microfluidic devices (Ahmed et al. 2016), etc. At present, 
almost all of the ultrasonic manipulation methods depend on 
Gaussian beams (Mitri 2015), travelling/standing acoustic 
waves (Destgeer and Sung 2015), and special sound beams 
like vortex- or Bessel-beams (Wang et al. 2016a; Jiang et al. 
2017), which are commonly generated by Langevin oscil-
lators, piezoelectric buzzers, and interdigital transducers. 
However, further development and application of acoustic 
methods is obviously limited in the frequency range and 
output power provided by ultrasonic transducers and the 
diversity of sound field distributions, e.g., complex trans-
ducer arrays or obstacle arrangements are needed to sat-
isfy the topological manipulation requirements of different 
kinds of micro/nano-particles and bio-organisms on lab-
on-a-chip platforms. In recent years, diversity investigation 
of acoustofluidic fields has drawn more and more attention 
to achieve complicated distributions of acoustic radiation 
force and acoustic streaming for fascinating applications 
in instantaneous patterning, customized fabrication, tissue/
organ engineering, and other biological areas of use (Lu 

et al. 2017; Hao et al. 2020; Tang et al. 2019). Therefore, it 
is necessary and urgent to obtain diversified and complicated 
sound field distributions with relatively simple ultrasonic 
oscillation devices.

Fortunately, with the theoretical researches and experi-
mental verification of phononic crystals and acoustic meta-
materials, it is possible now to make breakthroughs in terms 
of ultrasonic manipulations of various micro/nano-particles 
and bio-samples with the assistance of artificial metama-
terials and metastructures (Hussein et al. 2014). Phononic 
crystal structures, which are made of periodic distributions 
of inclusions embedded in regular matrix arrangements, 
can provide a feasible way to reconstruct localized vibra-
tion modes with different sound field distributions (Dai et al. 
2019a; Liu et al. 2000). Due to the periodic variations of 
acoustic quantities such as mass density and sound speed, 
these artificially engineered materials exhibit a series of 
band-pass and band-stop frequencies. The emerging interest 
in these artificial metamaterials streams from the possibil-
ity of achieving diverse acoustofluidic fields with relatively 
inexpensive equipments. For instance, precisely control-
ling sound wave propagation path results in highly-efficient 
acoustic lens (Kanno et al. 2013) and miraculous acoustic 
cloaking (Zheng et al. 2014). Also, different kinds of acous-
tic radiation forces and acoustic streaming fields modulated 
by phononic crystal structures have played increasingly 
important roles in the field of sound wave modulation, solu-
tion droplet movement, microfluidic mixing/nebulisation, 
particle/bio-organism manipulation and biomedical appli-
cations (Ke et al. 2006; Bourquin et al. 2010, 2011, 2016b, 
2019,2020; Wilson et al. 2011; Cai et al. 2011; Reboud et al. 
2012a, b; Qiu et al. 2014; Xu et al. 2014; Li et al. 2014, 
2018a, b; c; Wang et al. 2015; Feng et al. 2015; Xia et al. 
2017; Dai et al. 2019b; Hsu and Lin 2019).

To further investigate the formation mechanism of acou-
stofluidic field modulated by phononic crystal structures, 
we introduced C-shaped phononic crystal configurations, 
following the structural design of Elford et al. (2011), to 
generate different acoustofluidic patterns for micro-particle 
manipulation only by modulating the input frequency of 
incident acoustic wave. Particle trajectory under the influ-
ence of acoustic radiation force and acoustic streaming 
induced drag force is simulated to demonstrate the manipu-
lation performance of massive micro-particles. Also, it is 
found that more types of acoustic streaming vortices can 
be generated under the modulation of defective or asym-
metric phononic crystal plates. In general, our exploratory 
work combining plain slotted phononic crystal structures 
and acoustofluidics can offer flexibility to control acoustic 
streaming fields in microfluidic devices for various appli-
cations, which is expected to be a promising tool for the 
investigation of generation mechanism of acoustic streaming 
vortices, rapid microfluidic mixing of different media and 
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particles on a disposable chip, and non-contact manipula-
tion and rotation of bio-samples for the following surface 
morphology observation and phenotype characterization 
(Tang et al. 2020).

2 � Theory and simulation process

The fundamental governing equations of acoustofludic field 
generated by incident sound waves in a two-dimensional 
(2D) chamber have been studied extensively in the litera-
tures (Bruus 2012b; Sadhal 2012; Lei et al. 2017). Here, 
we briefly introduce the perturbation theory and relevant 
simulation process for completeness. Sound energy emitted 
from the vibration sources into viscous medium and bound-
ary layer is nonlinear. This effect can cause time-independ-
ent acoustic radiation force and steady fluid flow known as 
acoustic streaming in a microfluidic chamber (Wiklund et al. 
2012). Here, the fluidic medium is assumed to be homogene-
ous and isotropic, in which the continuity and momentum 
equations for the fluid flow can be expressed as

where ρ is the fluid density, t is time, u is the fluid velocity 
vector, p is the pressure, and μ and μb are the dynamic and 
bulk viscosity coefficients of the fluid, respectively. The left-
hand side of Eq. (2) represents the inertial force per unit vol-
ume on the fluid with the two terms in the bracket being the 
unsteady acceleration and convective acceleration of a fluid 
volume element, respectively. The right-hand side indicates 
the divergence of stress, including the pressure gradient 
and the viscosity forces. Other forces, such as gravity force 
and buoyancy force, are not considered, because they are 
generally negligible compared to the above-mentioned driv-
ing forces (Lei et al. 2018). In the case of small oscillation 
amplitude, the induced fluidic response can be expressed 
using a perturbation expansion, and the fluid density, pres-
sure, and velocity are written as

where the subscripts 0, 1, and 2 represent the static (absence 
of sound), first-order, and second-order quantities, respec-
tively. The unwritten higher order terms in Eqs. (3)–(5) can 
be ignored in the following calculation of first-order sound 
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field and second-order acoustic streaming field because of 
higher order infinitesimal quantities (Bruus 2012b). Substi-
tuting Eqs. (3)–(5) into Eqs. (1) and (2) and considering the 
first-order terms can yield

Repeating the above procedure for the second-order 
terms, followed by time averaging over a period of oscilla-
tion, yields a second-order acoustic streaming field:

where the upper bar represents a time-averaged value over 
a full oscillation time period. For the steady second-order 
acoustic streaming field, ��2
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and (9) can be simplified as

where �2 = �2 and p2 = p2 are the time-independent acous-
tic streaming velocity and pressure needed to be calculated, 
respectively. Thus, Eqs. (10) and (11) can also be written as

Combining Eqs. (6, 7, 12, and 13) with appropriate 
boundary conditions, sound field and acoustic streaming 
field produced by incident acoustic waves combing different 
phononic crystal plates can be numerically solved using the 
commercial finite element software COMSOL Multiphys-
ics (version 5.5, COMSOL AB, Stockholm, Sweden). The 
computational process consists of the following three steps.

In the first step, the first-order acoustic pressures and 
velocity fields produced by incident acoustic waves at differ-
ent frequency points are calculated by the ‘Thermoviscous 
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Acoustics, Frequency Domain’ module in the COMSOL 
Multiphysics using frequency sweeping function. Initial 
settings and boundary conditions of the sound fields are as 
follows: the background sound pressures and frequencies 
of incident acoustic waves are set by users; the rest of the 
acoustic boundaries are set to be isothermal and slip. Equa-
tions (6) and (7) are used in the calculation of first-order 
sound fields modulated by phononic crystal plates.

In the second step, computed vibration velocity and pres-
sure of the sound field at each frequency point are used to 
calculate the mass source term −∇ ⋅ �1�1 of Eq. (12) and the 

volume force term −
(

�0�1 ⋅ ∇�1 + �1
��1

�t

)

 of Eq.  (13), 

respectively, by the post-processing functions of COMSOL 
Multiphysics, which act as the driving force of acoustic 
streaming field in an acoustofluidic chamber.

In the last step, the steady acoustic streaming is solved by 
the fluidic dynamics module ‘Laminar Flow’ of COMSOL 
Multiphysics, and the inertial term (Stokes flow) of fluid 
flow can be neglected, for the reason that the inertial force 
�0(�2 ⋅ ∇)�2 is usually negligible compared with the mass 
source term and the volume force term in a low-speed acous-
tic streaming field (Lei et al. 2017). Equations (12) and (13) 
are used in the calculation of acoustic streaming, and all of 
the fluidic boundaries are set to be non-slip boundary condi-
tion. To ensure the convergence of the computational results, 
weak contributions of mass source and acoustic streaming 
pressure are added in the fluidic dynamics module (Muller 
et al. 2012).

On the basis of simulated ultrasound field and acoustic 
streaming field, a COMSOL ‘Particle Tracing for Fluid’ 
interface can be added to compute the motion of micro-
particles in a background flow field. Particle motion in the 
microfluidic chamber is driven by acoustic radiation force 
Frad (acoustophoretic force) and Stokesian drag force Fdrag 
(Karlsen and Bruus 2015; Tang et al. 2017, 2018), which 
can be expressed as

where Rp and up are the spherical particle radius and veloc-
ity, respectively. The parameters β and D are defined as
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where ρp and cp are the density and sound speed of spheri-
cal particles, respectively. From the acoustic radiation force 
and streaming-induced drag force that have been calculated, 
neglecting the buoyancy force and gravity force of micro-
particles in an acoustofluidic chamber, particle trajectories 
can be simulated, following Newton’s second law of motion 
(Lei 2017)

In addition to the above-mentioned main driving forces 
(Frad and Fdrag), the particle–particle interaction force is 
also considered in the particle trajectory simulation pro-
cess to avoid neighboring particles being concentrated to a 
single point. The particle–particle interaction force can be 
expressed as

where ks is the spring constant, rj is the position vector of 
the jth particle, and r0 is the equilibrium position between 
particles, which is defined as 2Rp (Lei et al. 2017). The wall 
condition of all boundaries is typically set as bounce when 
tracing micro-scale particles in a fluid field.

The simulation model of the 2D microfluidic chamber 
utilized to calculate the acoustofluidic field behind a config-
ured phononic crystal plate is shown in Fig. 1a. The whole 
microfludic chip is composed of five regions, among which 
region 1 and region 5 are set to be perfectly matched layers 
(PML), absorbing all acoustic energy in all frequency ranges 
without any impedance mismatch causing spurious reflec-
tions; Region 2 is set to be the background acoustic field 
with incident plane wave along the positive propagation 
direction of x-axis; region 3 contains the phononic crystal 
plate, comprising C-shaped slotted rings with inner radius 
50 μm, external radius 65 μm and slot width 20 μm which 
are arranged in a 5 × 10 array in water; region 4 is where the 
transmitted acoustic wave is modulated by the phononic 
crystal plate and the acoustic streaming field needs to be 
calculated. All of the structural parameters are annotated in 
Fig. 1a and Table 1 without more description. Figure 1b 
shows a meshed model of the acoustofluidic chamber with 
locally magnified views of mapped quadrilateral mesh con-
dition in regions 1, 2, 4, and 5 and free triangular mesh 
condition in region 3. The maximum element size of all 
grids is set to be 5 μm, which is 10% of the ultrasonic wave-
length at the predefined maximum frequency point of 
30 MHz 

(
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c0

f
=
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)
 (Bruus 2012b). The 

total number of grid cells in the simulation is about 455,250. 
The detailed boundary conditions of the sound field and 
acoustic streaming calculation in the 2D acoustofluidic 
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Fig. 1   2D model for the acoustofluidic field simulation modulated 
by phononic crystal plate with C-shaped slotted rings. a Computa-
tional model. b Meshed model. c Boundary condition of sound field. 

d Boundary condition of acoustic streaming field. e Simulated sound 
pressure along the purple dotted line under different grid scales
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chamber are shown in Fig. 1c, d, respectively. The simula-
tion time of sound field sweeping from 1 to 30 MHz with a 
step value of 0.1 MHz takes several hours, and the total 
simulation time of acoustic streaming field and movement 
trajectory of 10,000 micro-particles (polystyrene beads) at 
each selected frequency point only takes several minutes, 
using a DELL T5820 Tower workstation with a 128 GB 
memory (Dell Inc., Shanghai Subsidiary, Shanghai, China).

To prove that all the simulation results are convergent and 
mesh-independent, the maximum frequency point (30 MHz) 
in the our simulation is chosen as a reference point to calcu-
late the sound field distribution along the purple dotted line 
(see Fig. 1a) under different grid scales, and the simulated 
sound pressure curves are plotted in Fig. 1e. It is found that 
the data variation among the maximum sound pressures 
under different mesh sizes is less than 5%. Therefore, it can 
be concluded that all the calculation results of sound field 
and acoustic streaming distribution are mesh-independent 
when the maximum element size of all grids is set to be 5 μm 
as the grid subdivision standard throughout our simulation. 

Unless otherwise specified, the model parameters including 
structural design, oscillation setting, and medium properties 
in the simulation are all listed in Table 1.

3 � Simulation results and discussion

By solving for a parametric sweeping of input frequency, a fre-
quency spectrum displaying the transmission properties of the 
phononic crystal structure can be constructed to show attenua-
tion peaks and assist in finding the available frequency points 
of sharply defined acoustic streaming field. A comparison of 
the transmission loss spectrum from 1 to 30 MHz against the 
computed band structure, limited to the ΓX direction, is shown 
in Fig. 2. The transmission loss level is defined as (Elford et al. 
2011; Lighthill 1978b)
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PWout
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Fig. 1   (continued)
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where PWin represents the incident power of plane wave and 
can be expressed as

and PWout represents the transmitted power of acoustic 
wave modulated by the phononic crystal plate and can be 
expressed as

(21)PWin = ∫boundary (I)

P2
B

2�0c0
dL,

The integration boundaries (I) and (II) represented by 
black solid lines are shown in Fig. 1a. The sound intensity 
I can be written as

The frequency spectrum of transmission loss in Fig. 2 
gives band gaps of larger width than those predicted by the 
finite element computed band structure. This difference 
could be attributed to the finite number of lattice elements 
used in the transmission simulations and the subsequent 
diffraction effects around the edges of the phononic crystal 
structures. The frequencies at which the band gaps occur in 
the band structure are in good agreement with the regions 
of attenuation peaks presented in the transmission spectrum.

With the assistance of band structure and transmission 
loss spectrum, we can preliminarily determine the frequency 
points that may generate sharply defined acoustic stream-
ing field by choosing relatively lower attenuation points. 
According to Fig. 2, the frequency points with attenuation 
loss coefficients between − 100 and − 120 dB are mainly 
concentrated in the range from 10 to 30 MHz, which indi-
cates that the frequency points which can be used in the 
acoustic streaming field generation are also concentrated 

(22)PWout = ∫boundary (II)

IdL.

(23)I =
‖‖p1‖‖

2

2�0c0
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Table 1   Model parameters in 
the simulation

Quantity Abbreviation Value Unit

Length of PML LPML 1.1 mm
Width of PML WPML 0.66 mm
Side length of regions 2 and 4 L 1.1 mm
Side length of phononic crystal lattice LPC 0.22 mm
Inner radius of C-shaped rings RI 0.05 mm
Outer radius of C-shaped rings RO 0.065 mm
Slot width of C-shaped rings WS 0.02 mm
Background acoustic pressure of region 2 PB 0.1 MPa
Input vibration frequency f Range (1, 0.1, 30) MHz
Maximum element size of all grids LG 5 μm
Density of water ρ0 1000 kg/m3

Speed of sound in water c0 1500 m/s
Shear viscosity of water μ 0.001 Pa s
Volume-to-shear viscosity ratio in water μB/μ 2.79 1
Heat capacity at constant pressure of water CP 4200 J/(kg·K)
Heat conductivity coefficient of water k 0.6 W/(m·K)
Density of polystyrene bead ρp 1050 kg/m3

Speed of sound in polystyrene bead cp 2400 m/s
Diameter of polystyrene bead Dp 1 μm
Spring constant of polystyrene bead ks 2.5 × 10−4 N/m
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Fig. 2   A comparison of finite element computed band structure in the 
ΓX direction against the finite element computed frequency spectrum 
of transmission loss for C-shaped slotted rings



	 Microfluidics and Nanofluidics (2020) 24:91

1 3

91  Page 8 of 22

in the above-mentioned frequency range. By finite element 
calculation, it is obtained that the first frequency point that 
can produce sharply defined acoustic streaming vortices 
is located at 11.8 MHz, and the simulated acoustofluidic 
fields including sound pressure distribution, sound intensity 
pattern, and acoustic streaming field in region 4 are listed 
from Fig. 3a–c. Comparing the simulated acoustic streaming 

distribution with sound pressure and intensity patterns, it can 
be concluded that acoustic streaming field is determined by 
the sound intensity distribution rather than the sound pres-
sure field, and acoustic streaming vortices flow out from the 
high-intensity areas and in from the low-intensity ones. Also 
by comparing Fig. 3a, c, it is found that approximately three 
wavelengths correspond to one vortex, where the wavelength 
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Fig. 3   Acoustofluidic fields and particle trajectory at 11.8 MHz. a Patterns of sound pressure. b Patterns of sound intensity. c Pattern of acoustic 
streaming field in region 4. d Patterns of particle trajectory at 20 s
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refers to the distance between two neighbouring red peaks or 
blue troughs of sound pressure along the x-axis in region 4. 
Different from the staggered distribution of sound pressure 
or intensity field, such as the strong sound intensity areas 
represented by the red ellipses in Fig. 3b, the distribution 
of acoustic streaming vortices is arranged in an array form, 
and the neighbouring vortices flow in opposite directions. 
To ensure the calculation accuracy of particle trajectory in 
Fig. 3d, the acoustic streaming induced drag force and the 
acoustic radiation force are both considered in the simula-
tion process of 1-μm-diameter particle movement at a given 
frequency point. However, compared with the streaming-
induced drag force, the influence of acoustic radiation force 
can be neglected, and the simulated particle trajectory with 
comet tails is qualitatively consistent with the streamline 
of acoustic streaming field (Tang et al. 2019). The acousto-
fluidic fields modulated by the phononic crystal plate with 
C-shaped slotted rings are available for simultaneous rota-
tion of massive micro-particles.

Additional eight working frequency points which can 
generate sharply defined acoustic streaming patterns are 
selected to further demonstrate the modulation function of 
phononic crystal structures on the acoustofluidic field only 
by switching the input frequency of background plane wave. 
With the increase of input frequency, the sound intensity pat-
terns in regions 2 and 3 become more complicated, as shown 
in Fig. 4a. However, the sound intensity fields in region 4 
modulated by the phononic crystal plate do not become 
disorganized as frequency increases, and the strong sound 
intensity areas are still arranged in array forms. The above 
conclusion can also be verified by the sound intensity distri-
bution along the purple dotted line (see Fig. 1a) in region 4, 
as shown in Fig. 4b. The sound intensity curves along x-axis 
are quasi-periodic at different frequency points. Although 
waveform distortion becomes more noticeable at higher 
frequencies, obvious peaks and troughs of sound intensity 
can still be found in these curves. Based on the calculated 
sound intensity fields, acoustic streaming patterns in region 
4 at different frequency points can be simulated, as shown in 
Fig. 4c. Due to the existence of phononic crystal plate, the 
increase of input frequency does not inevitably lead to com-
plexity of acoustic streaming patterns, and the total number 
of vortices may even decrease at some certain frequency 
points, which is quite different from our previous conclusion 
that the distribution of acoustofluidic field in a 2D rectan-
gular chamber becomes complicated with the increase of 
input frequency (Tang and Hu 2015). The velocity mag-
nitude curves of acoustic streaming field along the purple 
dotted line (see Fig. 1a) at different input frequency points 
are also drawn in Fig. 4d to demonstrate the corresponding 
relationship between the sound intensity distribution and the 
acoustic streaming field. By comparing Fig. 4b, d, it can be 
obviously found that the waveforms and tendencies of the 

sound intensity and acoustic streaming velocity curves at 
the same frequency are similar except for data differences, 
which confirms the previous conclusion we have drawn from 
Fig. 3. However, a further comparison of Fig. 4b, reveals that 
acoustic streaming vortices produced by viscous attenua-
tion of sound field can result in acoustic energy dissemina-
tion throughout the flow field. When the input frequency 
is 11.8 and 12.2 MHz, the maximum sound intensity is 
about 2 kW/m2, while when the frequency is 15.4, 18.6 and 
19.6 MHz, the maximum sound intensity is about 1.3 kW/
m2. However, at the above-mentioned frequency points, the 
maximum velocity magnitude values of the corresponding 
acoustic streaming fields are mainly around 6 μm/s. Even at 
19.6 MHz, the acoustic streaming velocity only reaches a 
maximum value of 8 μm/s. The modulation results of acous-
tic streaming vortex numbers, locations and sizes at different 
frequency points assisted by phononic crystal structures may 
provide a novel perspective to manipulate numerous micro/
nano-particles or bio-organisms and form organized patterns 
simultaneously at multiple given locations in a single micro-
fluidic chamber.

On the basis of C-shaped slotted rings, another kind of 
phononic crystal plate with semicircular rings is introduced, 
as shown in Fig. 5a, together with the band structure and 
the transmission loss spectrum assisting in searching for 
the available frequency points of sharply defined acoustic 
streaming field. Compared with Fig. 2, the transmission loss 
curve in Fig. 5a has some minor changes in local tendency 
and attenuation peak points, which means that structural 
modification of phononic crystal lattices does have influ-
ences on sound field modulation. However, comparing the 
sound intensity field in Fig. 5b with the acoustic streaming 
patterns in Fig. 5d, the array-shaped distribution form of the 
acoustofluidic vortices has not essentially changed except 
that there are some deviations in the frequency points cor-
responding to the similar acoustic streaming vortex patterns, 
which means that the acoustic streaming field is relatively 
robust to the structural alteration of phononic crystal lattices. 
By comparing the distribution of sound intensity in Fig. 5c 
and acoustic streaming velocity in Fig. 5e along the purple 
dotted line (see Fig. 1a), a conclusion similar to that in Fig. 4 
can be drawn, that is, the acoustic streaming vortices are 
determined by the sound intensity fields. More simulation 
results of acoustofluidic fields modulated by other kinds of 
phononic crystal plates are plotted in Figs. S1, S2 and S3 of 
the Supplementary Material.

If the C-shaped slotted rings are rotated by 90° clockwise, 
an phononic crystal plate asymmetric about the x-axis can be 
obtained, as shown in Fig. 6, together with the band structure 
in the ΓX direction and the frequency spectrum of transmis-
sion loss. Eight frequency points that can produce sharply 
defined acoustic streaming distribution are chosen to dem-
onstrate the modulation function of asymmetric phononic 
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Fig. 4   Acoustofluidic fields 
generated by the phononic 
crystal plate with C-shaped slot-
ted rings at different frequency 
points. a Patterns of sound 
intensity. b Sound intensity 
vs. distance to Boundary II. c 
Patterns of acoustic streaming 
field in region 4. d Acoustic 
streaming velocity magnitude 
vs. distance to Boundary II
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Fig. 5   Acoustofluidic fields 
generated by the phononic crys-
tal plate with semicircular rings 
at different frequency points. a 
A comparison of band structure 
in the ΓX direction against the 
frequency spectrum of transmis-
sion loss. b Patterns of sound 
intensity. c Sound intensity 
vs. distance to Boundary II. d 
Patterns of acoustic streaming 
field in region 4. e Acoustic 
streaming velocity magnitude 
vs. distance to Boundary II 0
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Fig. 5   (continued)
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crystal structure on acoustofluidic field, and the correspond-
ing sound intensity patterns and acoustic streaming vortices 
are shown in Fig. 6b, c, respectively. Due to the asymmetry 
of phononic crystal plate in the direction of sound propaga-
tion, the acoustic streaming fields obtained at most available 
frequency points consist of a single large vortex rotating 
clockwise or counterclockwise, such as 4.7, 5.8, 15.9, 17.7 
and 24.1 MHz. Therefore, by switching the neighbouring 
frequency points back and forth, the orientation of acous-
tic streaming vortex in region 4 can be reversed constantly, 
which can be used to realize rapid mixing of micro-particles 
or bio-samples. By analyzing the sound intensity fields at 
the above-mentioned frequency points, it can be concluded 
that the large acoustic streaming vortices are generated when 

the strong sound intensity areas are mainly distributed on 
one side of region 4. However, at several certain frequency 
points, such as 4.9, 12.1 and 22.2 MHz, the distributions 
of sound intensity field and acoustic streaming vortices in 
region 4 are basically symmetric about the x-axis, as shown 
in Fig. 6b, c, respectively. Especially at the two frequency 
points of 12.1 and 22.2 MHz, the acoustic streaming vorti-
ces can form array arrangements, although there are minor 
distortions in the flow field distribution. Thus, acoustoflu-
dic fields modulated by asymmetric phononic crystal plates 
can still be used for multipoint rotation and concentration of 
micro-particles at certain frequency points.

Inspired by lattice defect, a kind of defective phon-
onic crystal plate is designed to modulate the sound field 

Fig. 6   Acoustofluidic fields 
generated by the phononic crys-
tal plate with C-shaped slotted 
rings rotated by 90° clockwise 
at different frequency points. a 
A comparison of band structure 
in the ΓX direction against the 
frequency spectrum of transmis-
sion loss. b Patterns of sound 
intensity. c Patterns of acoustic 
streaming field in region 4
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distribution and obtain more acoustic streaming patterns. 
As shown in Fig. 7a, the defective phononic crystal plate 
is obtained by removing the individual C-shaped ring ele-
ment in the 3rd row and 1st column of the initial phononic 
crystal plate in region 3. Referring to the frequency spec-
trum of transmission loss obtained by the defective phon-
onic crystal plate shown in Fig. 7a, eight frequency points 
which can form sharply defined acoustic streaming patterns 
are selected, and the sound intensity patterns correspond-
ing to these frequency points are labeled in Fig. 7b. Due 
to structural defect of the phononic crystal plate, the sound 
intensity patterns in region 4 after modulation are no longer 
classic array arrangements. It can be found from the simu-
lated acoustofluidic fields that acoustic streaming patterns 
generated at different frequency points from 4 to 11 MHz are 

mainly composed of two large vortices which are symmet-
ric about the x-axis in region 4, and flow direction of these 
two large vortices varies repeatedly with the change of input 
frequency. As shown in Fig. 7c, at the frequency points of 
4.1 and 5 MHz, the direction of the two large vortices flows 
out from the middle of the chamber and in from both sides, 
while at the frequency point of 4.4 MHz, the flow direction 
of the two large vortices changes and is opposite to the afore-
mentioned one. By comparing the sound intensity patterns 
at the corresponding frequency points in Fig. 7b, the flow 
direction of the acoustic streaming vortices can be qualita-
tively explained, that is, the acoustic streaming vortices flow 
out from the high sound intensity areas and in from the low 
ones. The defective phononic crystal plate can guide the 
incident acoustic waves to propagate along different paths 

Fig. 7   Acoustofluidic fields gen-
erated by the defective phononic 
crystal plate obtained by remov-
ing the individual C-shaped ring 
element in the 3rd row and 1st 
column at different frequency 
points. a Frequency spectrum 
of transmission loss. b Patterns 
of sound intensity. c Patterns 
of acoustic streaming field in 
region 4
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of the designed chamber at different frequency points, which 
can be applied for microfluidic mixing in the vicinity of 
several frequency points. Although large acoustic streaming 
vortices can also be generated at higher frequencies (18.8 
and 22.6 MHz), the boundaries of these acoustic streaming 
patterns become ambiguous, together with vortex distor-
tion and separation, as shown in Fig. 7c. Also, it is worth 
noting that slightly deformed array arrangement of acoustic 
streaming vortices can still be generated under the modula-
tion of the defective phononic crystal plate at several input 
frequency points (12.7, 19.4 and 23 MHz), which can be 
explained by the sound intensity distribution of quasi-array 
arrangement in Fig. 7b.

As shown in Fig. 8, another kind of defective phononic 
crystal plate by removing the individual C-shaped ring ele-
ment in the 3rd row and 6th column is designed. Compared 
with the frequency spectrum of transmission loss obtained 
from Fig. 7a, there are more attenuation peaks shown in 
Fig. 8a. Referring to the transmission loss diagram, six 
frequency points which can form sharply defined acoustic 
streaming patterns are selected. The sound intensity distribu-
tions and acoustic streaming patterns corresponding to these 
frequency points are labeled in Fig. 8b, c, respectively. Simi-
lar to the simulated acoustic streaming field in Fig. 7c, two 
large vortices which are symmetric about the x-axis can be 
generated in region 4, whose flow direction changes at dif-
ferent input frequency points (4.5 and 5.1 MHz in Fig. 8c). 
However, with the increase of input frequency (9.3, 11.8, 
and 12.6 MHz), large vortices break up into smaller ones, 
resulting in more complex and diverse patterns of acoustic 
streaming field, as shown in Fig. 8c. At the frequency point 
of 16.6 MHz, two large symmetric vortices can still be gen-
erated, while the vortex boundary becomes a little ambigu-
ous. Different from the slightly deformed array arrangement 
of acoustic streaming vortices modulated by the defective 
phononic crystal plate in Fig. 7c, there is no possibility of 
generating similar acoustic streaming field when the defec-
tive element is located in the middle or end of the phononic 
crystal plate (see Fig. S4 in the Supplementary Material).

In summary, the simulation results of phononic crystal 
plates with different structures and arrangements provide 
the theoretical foundation and experimental protocols in the 
following researches combining phononic crystals/acoustic 
metamaterials with acoustofluidic fields. The modulation 
function of phononic crystal plates originates from the 
acoustic-structure coupling effects like reflection, scatter-
ing and diffraction along the sound propagation path. When 
manipulating bio-organisms or micro-/nano-scale objects, 
diverse acousotofluidic fields can be easily obtained only 
by changing the input frequency, waveform and number 
of the piezoelectric buzzers or interdigital transducers on 
existing microfluidic lab-on-a-chip platforms. In comparison 
with the previous work conducted by other research groups 

(Bourquin et al. 2010, 2011; Wilson et al. 2011; Reboud 
et al. 2012a, b), focused beams of ultrasound energy modu-
lated by phononic crystal lattices provide a feasible scheme 
for liquid nebulisation/atomization and rapid rotation of bio-
samples in solution, while from our simulation results, it is 
found that array arrangement of acoustic streaming vortices 
can also be applied for simultaneous rotation and multipoint 
concentration of bio-organisms or micro-/nano-scale objects 
in an acoustofluidic chamber. Based on the above findings, 
it is feasible to introduce phononic crystal structures in the 
subsequent design and fabrication of microfluidic devices to 
generate diverse acoustic streaming vortices for a variety of 
novel applications, even if there are inevitable lattice defects 
of phononic crystal structures in the microfluidic chip manu-
facturing process due to inappropriate soft lithography and 
replica molding (Tang et al. 2020). This is because slightly 
deformed array arrangement of acoustic streaming vortices 
can still be generated through the frequency modulation of 
defective phononic crystal plates. The introduction of phon-
onic crystals/acoustic metamaterials in microfluidic devices 
is innovative and fascinating, which will broaden the horizon 
in the applications of rapid mixing, simultaneous rotation 
and multipoint concentration of micro/nano-particles or bio-
organisms on a disposable chip.

4 � Conclusion

In this paper, a series of phononic crystal structure based 
acoustofluidic devices, which are actuated by incident 
plane waves at different frequency points, have been pro-
posed and numerically investigated for microfluidic mix-
ing and controllable manipulation of micro-/nano-scale 
particles. The introduction of phononic crystal struc-
tures can cause spatial variations of acoustofluidic field 
distribution along the sound propagation path, which is 
beneficial to overcome the monotonousness of acoustic 
streaming patterns in the existing lab-on-a-chip devices. 
Array arrangement of acoustic streaming vortices can be 
generated under the modulation of phononic crystal plates 
with C-shaped slotted or semicircular rings, and the vortex 
number, location and size can also be changed at differ-
ent input frequency points. The movement trajectories of 
micro-particles under the combination of acoustic radia-
tion forces and acoustic streaming induced drag forces 
are also simulated to demonstrate the particle manipula-
tion performance of the phononic crystal structure based 
acoustofluidic devices. It is also verified that asymmet-
ric or defective phononic crystal plates can be used to 
generate more types of acoustic streaming patterns. The 
introduction of different phononic crystal structures offers 
flexibility to modulate acoustofluidic fields in lab-on-a-
chip devices for various applications. It is suggests the 
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possibilities of considering phononic crystal structures as 
an effective element to customize ultrasonic field for con-
stituting plentiful acoustofluidic devices in the investiga-
tion areas of rapid microfluidic mixing on a disposable 

chip and contactless manipulation of bio-organisms or 
micro-/nano-scale objects in a miniaturized total analysis 
system.

Fig. 8   Acoustofluidic fields gen-
erated by the defective phononic 
crystal plate obtained by remov-
ing the individual C-shaped ring 
element in the 3rd row and 6th 
column at different frequency 
points. a Frequency spectrum 
of transmission loss. b Patterns 
of sound intensity. c Patterns 
of acoustic streaming field in 
region 4
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