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The perturbation approach 

 

The piezoelectric actuator is driven by a time-harmonic AC-voltage with an oscillation frequency 𝑓 and 

angular frequency 𝜔 = 2𝜋𝑓. According to the perturbation approach, physical fields can be decomposed 

to initial, first and second-order terms 𝑔 = 𝑔
0

+ 𝑔
1

+ 𝑔
2
, where the 0-order term is the initial (background) 

condition. The first-order fields are time-dependent harmonic oscillations 𝑔
1

(𝑟, 𝑡) = 𝑔1(𝑟)𝑒𝑖𝜔𝑡 where 

𝑔1(𝑟) is the complex-valued amplitude. In the analysis, the first-order (linear) equations are solved to 

generate potential fields. By utilizing the phase-dependent factor 𝑒𝑖𝜔𝑡, the time-dependent solution can be 

produced. Throughout the study, the real-valued amplitude 𝑔(𝑟) = Re(𝑔1(𝑟)) will be discussed, as it 

corresponds to the amplitude in physical terms.  

 

Governing equations 

The acoustic field in the water domain is governed by the Navier-Stokes equation, the continuity equation, 

and the energy conservation equation: 

 𝜌0

𝜕𝒗

𝜕𝑡
=  −𝛁𝑝 + (𝜇′ +

𝜇

3
) 𝛁(𝛁 ⋅ 𝒗) + 𝜇𝛁2𝒗, (S1) 

 
𝜕𝜌

𝜕𝑡
= −𝜌0𝛁 ⋅ 𝒗, (S2) 

 𝜌0𝐶𝑝

𝜕𝑇

𝜕𝑡
− 𝛼𝑝𝑇0

𝜕𝑝

𝜕𝑡
= 𝛁(𝐷𝑇𝛁𝑇), (S3) 

where 𝜌0 is the mass density, 𝜌, 𝒗, 𝑇, 𝑝 are the 1st-order harmonic perturbation of density, velocity, 

temperature and pressure respectively, bulk 𝜇′ and dynamic 𝜇 viscosities, 𝐶𝑝 is the specific heat capacity at 

constant pressure, 𝛼𝑝 is the thermal expansion coefficient, 𝑇0 = 293.15 K is the ambient temperature, 𝐷𝑇 

is the thermal diffusivity of the liquid. The velocity perturbations 𝒗 are related to those of pressure 𝑝 

through: 
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 𝒗 = 𝑖𝛁𝑝𝜌0𝜔. (S4) 

 

Boundary conditions 

The fluidic channel is enclosed with polydimethylsiloxane (PDMS) on the top and the sides, being common 

in SAW microfluidic devices. An impedance boundary condition for the first-order pressure 𝑝 was 

accordingly set on these boundaries for the study: 

 𝒏𝛁𝑝 = 𝑖
𝜔𝜌0

𝑧𝑃
𝑝, (S5) 

where 𝑛 is the outward-pointing normal, 𝑧𝑃 = 𝜌𝑃𝑐𝑃 is acoustic impedance of PDMS, into which the 

acoustic wave is radiating. The SAW actuation on the Lithium Niobate, LiNbO3, substrate was simulated 

with a velocity boundary condition on the bottom surface along y axis: 

 𝑢𝑦 = 𝑑𝑦𝜔, (S6) 

where 𝑑𝑦 is the boundary displacement amplitude. 

The list of quantities and their values used in our simulations is given in Table S1. The first-order fields are 

solved for using the thermoviscous acoustics frequency domain using the built-in interface in COMSOL 

Multiphysics (Thermoacoustic module). 

 

 

 

Acoustic radiation force 

Particles suspended in the fluidic channel are subject to a time-averaged acoustophoretic radiation force 

𝐹𝑟𝑎𝑑. For a spherical particle with a diameter 𝑑𝑝𝑠, this is given by Gor’kov, with 

 𝐹𝑟𝑎𝑑 = −∇𝑈𝑟𝑎𝑑, 𝑈𝑟𝑎𝑑 = 𝑉𝑝𝑠 (
1

2
𝑓1𝑘𝑙〈𝑝2〉 −

3

4
𝑓2𝜌0〈𝒗2〉) 

(S7) 

 𝑉𝑝𝑠 =
𝜋

6
𝑑𝑝𝑠

3 , 𝑓1 = 1 −
𝑘𝑝𝑠

𝑘𝑙
, 𝑓2 =

2(𝜌𝑝𝑠 − 𝜌0)

2𝜌𝑝𝑠 + 𝜌0
, 𝑘𝑙 =

1

𝜌0𝑐𝑙
2, 

 

where 𝑈𝑟𝑎𝑑 is the Gor’kov potential, 𝑉𝑝𝑠 is a bead volume, 𝑓1 and 𝑓2 are monopole and dipole coefficients, 

𝑘 is compressibility, 𝜌 is density, and the superscripts 𝑙 and 𝑝𝑠 denote liquid and polystyrene beads 

respectively. The bracketed quantities denote the time average over one oscillation period of the complex 

time-harmonic, where for fields 𝐴 and 𝐵, 〈𝐴𝐵〉 = 0.5𝑅𝑒(𝐴∗𝐵), where the asterisk denotes complex 

conjugation. Thus, the acoustophoretic force is calculated based on the computed first-order fields. 

 

Acoustic contrast factor 

 

An acoustic contrast factor can be used to describe the translation direction of particle motion in an acoustic 

potential field gradient. For the case of a sinusoidally varying pressure field, this can be expressed as  

 

 
𝜙 =

1

3
𝑓1 −

1

2
𝑓2 , 

Eqn. S1 

 

where substituting the relevant 𝑓1 and 𝑓2 expressions from Eqn. S7 yields the form of the expression in 

terms of the densities and compressibilities of the particle and fluid medium, more commonly seen in the 

acoustofluidic literature. 
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(S8) 

 

 

 

Table S1. Material properties used in the computational study. 

Parameter Notation Value 

Frequency 𝑓 19.66 MHz 

Speed of sound of Lithium Niobate 𝑐𝐿𝑁 3931 m s-1 

Density of Lithium Niobate 𝜌𝐿𝑁 4700 kg m-3 

SAW wavelength  𝜆𝑆𝐴𝑊 200 µm 

Displacement amplitude 𝑑𝑦 0.05 nm 

Speed of sound of liquid 𝑐𝑙 1497 m s-1 

Density of liquid 𝜌0 997 kg m-3 

Dynamic viscosity of liquid 𝜇 0.00089 Pa s 

Bulk viscosity of liquid 𝜇′ 0.00247 Pa s 

Thermal conductivity of liquid 𝐷𝑇 0.603 W m-1 K-1 

Specific heat capacity of liquid 𝐶𝑝 4183 J kg-1 K-1 

Thermal expansion coefficient of liquid 𝛼𝑝 0.000297 K-1 

Speed of sound of PDMS 𝑐𝑃 1054 m s-1 

Density of PDMS (10:1) 𝜌𝑃 965 kg m-3 

Density of polystyrene beads 𝜌𝑝𝑠 1050 kg m-3 

Compressibility of polystyrene beads 𝑘𝑝𝑠 249 TPa-1 

 

 

 

 

 



 

Figure S1: Modification of fluid media's acoustic properties. (a) Particles/cells will migrate to 

acoustic energy maxima/minima depending on their acoustic contrast with the media in which they 

are suspended. (b) The acoustic contrast factor can be modified for a given particle type by altering 

the acoustic properties of the surrounding media. Red blood cells (RBCs) can have an acoustic 

contrast factor that is positive or negative depending on the optiprep concentration, where optiprep 

contains 60% w/v iodixanol. The range of literature RBC density and compressibility values range 

from ρ = 1.078 g/cm3, β = 3.91e-10 Pa-1 (lower density RBCs) to ρ = 1.096 g/cm3, β = 3.48e-10 

Pa-1 1,2,3,4. All optiprep concentrations above ≈56% result in negative acoustic contrast factors for 

this indicated range.  

 

 
 

Figure S2: (a) RBCs (0.5% v/v) and 1.1 µm PS particles in 95% Optiprep media. RBCs show 

negative acoustic contrast (red arrow) and particles have positive acoustic contrast (black arrow) 

under zero-flow conditions. 

 



 

Figure S3: Acoustic sorting device fabrication. a) Wet etching in acetone to lift off Cr-Au-Cr 

material deposited on photoresist patterned areas. b) Wafer diced into individual transducers. c) 

Moulding PDMS on SU8 patterned silicon wafer wrapped in Kapton tape. d) Device assembled 

on the microscope placed in 3D printed holder with magnetically attached electrode connections. 
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