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1. Acoustic Streaming simulation Mechanism and Methods 

The simulation was executed employing a numerical methodology, the credibility of which 

was established and authenticated in the study conducted by Muller et al. 1. 

With the bulk acoustic actuation, liquid perturbations can be described by the following 

variables: temperature T, pressure p and velocity v. Taking first and second order (subscript 1 

and 2, respectively) into account, the above variables can be expressed as 1, 2: 

𝑇 = 𝑇0 + 𝑇1 + 𝑇2 

𝑝 = 𝑝0 + 𝑝1 + 𝑝2 

𝒗 = 𝒗𝟏 + 𝒗𝟐 

where, T0 and p0 are the constant temperature and pressure before the presence of acoustic wavs. 

Meanwhile, T = T0 and v = 0, on all walls. 

The temperature of each boundary condition is out of consideration. The acoustic source is 

modeled as the boundary condition using the first-order velocity v1 1, 2: 

𝑛 ∙ 𝒗𝟏 = 𝑣𝑎𝑒
−𝑖𝑤𝑡 

where n is the normal vector, va is the velocity magnitude at the actuated boundary and w is the 

angular frequency characterizing the harmonic time dependence. 

As the first step, utilization of the thermos-viscous acoustic module within the frequency 

domain allows for the extraction of the primary acoustic field. Consequently, the first-order 

equation can be articulated as follows 1: 

𝑖𝜔𝑇 + 𝛾𝐷∇2𝑇 =
𝛾 − 1

𝛼
∇ ∙ 𝒗𝟏 

𝑖𝜔𝜌𝑓𝒗𝟏 + 𝜇∇2𝒗𝟏 + 𝜇 [𝛽 + 𝑖
1

𝛾𝑘𝜇𝜔
]∇(∇ ∙ 𝒗𝟏) =

𝛼

𝛾𝑘
∇𝑇 

where γ is the specific heat capacity ratio, D is the thermal diffusivity, ρf is the fluid density, μ 
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is the fluid dynamic viscosity, k is the fluid compressibility and β is the viscosity ratio. 

The second-order acoustic can be obtained by employing the laminar flow module based on 

the calculate v1 and ρ1 in the first order acoustic fields: 

𝜌𝑓∇ ∙ 〈𝒗𝟐〉 = −∇ ∙ ⟨𝜌1𝒗𝟏⟩ 

𝜇∇2〈𝒗𝟐〉 + 𝛽𝜇∇(∇ ∙ 〈𝒗𝟐〉) − 〈∇𝑝2〉 = 〈𝜌1𝜕𝑡𝒗𝟏〉 + 𝜌𝑓〈(𝒗𝟏 ∙ ∇)𝒗𝟏〉 

It can be observed that the second-order fields, as expressed on the left side of the equation, 

are dictated by the first-order fields found on the right side. 

 

2. Particle Tracing Mechanism and Method 

When the bulk acoustic waves propagate towards the microcavity chip and the PDMS-glass 

dish, the PMMA particles or cells experience two acoustic forces: an acoustic radiation force 

(ARF) caused by the scattering of sound waves on the objects, and a Stokes drag force 

generated by acoustic streaming. In the case where the size of the microscale objects is 

significantly smaller than the wavelength of the acoustic waves, the ARF acting on the 

microscale objects can be estimated using the following expressions 3: 

  𝑭𝒓𝒂𝒅 = −∇𝑼𝒓𝒂𝒅                           (1) 

  𝑼𝒓𝒂𝒅 =
4𝜋

3
𝑅𝑚𝑜

3 [𝑓1
1

2
𝑘𝑚𝑜 〈𝑝

2 − 𝑓2
3

4
𝜌𝑚𝑜〈𝒗

2〉〉]               (2) 

𝑓1 = 1 −
𝑘𝑚𝑜

𝑘𝑠
                              (3) 

𝑓2 =
2(

𝜌𝑚𝑜
𝜌𝑠

−1)

2
𝜌𝑚𝑜
𝜌𝑠

+1
                             (4) 

Where Frad denotes the ARF, Urad denotes the acoustic potential energy, Rmo denotes the 

radius of the microscale object, and p and v denote the first-order acoustic pressure and velocity,  

denting the microscale object and the surrounding medium, respectively. 
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For a minimal Reynolds number, the Stokes drag force Fd acting on the microscale objects 

can be described by the following formula 4: 

𝑭𝒅 = 6𝜋𝜂𝑅𝑚𝑜𝒗                               (5) 

Where η is the dynamic viscosity, v2 is the time-averaged velocity of acoustic microstreaming. 

Consistent with Eqn. (2), (3) and (4), it is anticipated that both the ARF and drag forces will 

exert greater influence on larger microscale objects. Consequently, when subjected to similar 

acoustic vibrations, larger objects can be captured more easily compared to smaller ones. This 

enables the achievement of non-contact tunable multifunctional micromanipulation through the 

combined effects of these forces. 

 

3. Acoustic radiation force and drag force on cells in microstreaming vortices 

 

 
 

Figure S1. A. Acoustic radiation force distribution on the microstructure excited by vibration, simulated 

using COMSOL Multiphysics. B. Drag force distribution induced by acoustic streaming around the 

vibrating microstructure, obtained from COMSOL simulation. The color map shows the magnitude of 

the drag force (unit: N), and the streamlines represent the flow field pattern. The inset shows a detailed 

view of the force distribution near the critical regions. 

 



5 

 

Based on the models proposed by Muller et al. 1 and Karlsen et al. 5, numerical simulations 

were performed using COMSOL Multiphysics, with results shown in Figure S1. Within the 

microstreaming vortices, cells are simultaneously subjected to acoustic radiation force and drag 

force 6-9. The drag force is calculated by integrating the shear stress over the cell surface. 

Simulation results indicate that the maximum drag force experienced by the cell is 9.06 × 10-

15 N. Through the conversion between N and Pa (assuming a cell diameter of 15 µm), the 

maximum shear stress is determined to be 5.12 × 10-5 Pa. The calculation formula is as follows: 

 

F = τ × A                           (6) 

A = πr²                             (7) 

τmax = Fmax / (πr²)                       (8) 

where F represents the drag force, τ denotes the shear stress, and A is the projected area of the 

cell. 

 

The calculated shear stress value is substantially lower than the typical mechanical 

stimulation threshold for cells (0.1-10 Pa) 10-13, suggesting that shear forces of this magnitude 

have minimal impact on the physiological state of the cells. 
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Table 1. Comparison of Various Cell Manipulation and Bioprinting Methods 

Technique Advantage Disadvantage Throughput 

Single cell 

Manipulation 

(Y/N) 

Cell 

viability 

Resolution 

Cell sheet 

transfer 

Pipettes 14-18 Easy to perform; No 

special equipment 

needed. 

Operator 

variability risk; 

Slow for large 

constructs. 

1×106 cells / mm2 19 N - - 

～200-850 cells / 

mm2 20 

N - - 

Forceps 21 

10×10 mm / per cell 

sheet 21 

N - - 

Gel-coated 

manipulators 22-24 

Accurate layer 

placement; Quick 

stacking process 

Requires specific 

tools; More 

technical skill 

required 

35mm / per cell sheet 

22 

N - 20-60 µm 

35mm / per cell sheet 

25 

N - - 

Support 

membranes 26-28 

Provides stability; 

Allows thicker 

tissues 

Requires 

additional 

materials; More 

expensive 

materials 

Transfer yield ～71-

81% 29 

N 96% - 

Transfer area 10×10 

mm2  30 

N 90% - 

Selective cell 

transfer 

printing 31, 32 

 

Short processing 

time; Low cost 

Requires a mold; 

Insufficient 

control of pattern 

width and depth 

～121 cells / mm2 33 Y 93-97% 9-70 µm 

- N - 10 µm 34 

～50-200 cells / mm2 

35 

Y - - 

Microcontact 

printing 

Soft lithography 

36-38 

Rapid prototyping 

Challenge to 

control the ink 

High-throughput 

～400 cells / mm2 36 

Y - 50 µm 

- N - 70-270 µm 37 

～40 cells / mm2 39 Y - 10 µm 

Stencil-based 

Physical barriers 

40-42 

Decrease the surface 

chemistry 

Complicated 

fabrication 

process 

～50-400 cells / mm2 

43 

N - 40-200 µm 

High-throughput 

～324 cells / mm2 44 

Y - 8-400 µm 

High-throughput 

～1000 microbowls / 

mm2 45 

N >95% 30 µm 

External fields 

Electrical 46-48 

Easy trapping cells 

by regulating the 

frequency of AC 

Require 

specialized 

electrode 

equipment 

High-throughput 

～380 cells / mm2 49 

Y - 20 µm 

High-throughput 

～1000 cells / mm2 50 

N - - 

Optical 51-53 

Specific 

manipulation to the 

cells with dielectric 

properties 

Large power 

output required to 

trap cells may 

damage cells due 

to heating 

1 cell 54 Y - - 

1 cell 55 Y - - 

Magnetic 56-58 

Remote 

manipulation; 

Require magnets 

and labelling cells 

High-throughput 

～336 cells / mm2 59 

Y - 15 µm 
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Efficient trapping of 

labeled cells 

with magnetic 

particles 

～16 cells / mm2 60 Y >95% 150 µm 

Hydrodynamic 61-

63 

Multifunction in one 

device. 

The shear stress 

may affect the 

function of cells. 

High-throughput 

～512 cells / per 

operation 64 

Y - 20 µm 

High-throughput 

～300 cells / mm2 65 

Y 100% 5 µm 

Acoustic 66-68 

lower power with no 

damage to cell 

viability. 

Require 

piezoelectric 

surface 

specialized. 

High-throughput, 

～100 pairs / 30 min 

69 

Y - 5-20 µm 

Bioprinting 

Extrusion-based 

25, 48, 70 

Wide range of 

biomaterical can be 

selected for printing; 

Porous complex 

models can be 

printed. 

Pressure is 

generally 

increased causing 

low cell viability; 

Sometimes high 

temperature is not 

good for cells. 

3×104-3.6×105 cells / 

min 71 

N >95% - 

1-1.05×105 cells / 

min 72 

N >90% - 

Jetting-based 25, 48, 

70 

Easy modification; 

Simple operation; 

Concentration can 

be varied. 

The size is 

enormous. 

Limited variety of 

bioink. 

High-Throughput 

48 droplets/min 

(4750 cells/droplet) 

73 

N - 20 µm 

High-Throughput 

4.488×105 cells / min 

74 

N >99.8 - 

Vat 

polymerization-

based 75, 76 

High precision and 

complexity; 

Reduced material 

waste 

Material 

Limitation;  

Mechanical 

performance 

limitations. 

High-Throughput 

2.18×104-2.18×106 

cells / min 77 

N >90% 200 µm 

4×104-4×106 cells / 

min 78 

N >90% 38-300 µm 
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Figure S2. A part of the microcavity array with (A) diameter=30 μm, (B) diameter=50 μm, (C) 

diameter=70 μm, and (D) diameter=90 μm. Scale bar: 100 μm. (E - H, and M) The patterning 

microcavity pattern chip for particle trapping. (I - L, N, and O) The patterning microcavity pattern chip 

for cell trapping. Scale bar: 500 μm. P. The target pattern is used in the acoustic hologram design. 
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Figure S3. PMMA particles trapping efficiency with microcavity array chip (diameter = 50 μm), at 1 - 

10 Vpp, (A) 500 Hz, (B) 600 Hz, (C) 700 Hz, (D) 800 Hz, (E) 900 Hz, and (F) 1000 Hz. 
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Figure S4. A. Microscopic images of PMMA particles trapping with pattern microcavity chip 

(diameter=50 μm). The patterns were “S”, “J”, “T”, “U”, and “M”, respectively. The vibrations were 

900 Hz, 5 Vpp. Scale bar: 500 μm. 

 

 

 

 

Figure S5. Immunofluorescence images of trapped cells. The vibration conditions were 600 (A) and 

800 (B) Hz, 5 Vpp. Scale bar: 200 μm. 
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Figure S6. Microscopic images of experimental PMMA particles trapped in the microcavity array chip 

at 1 Vpp with different frequency, (A) 1000 Hz, (B) 900 Hz, (C) 800 Hz, (D) 700 Hz, (E) 600 Hz and 

(F) 500 Hz. Scale bar: 500 μm. 
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Figure S7. Microscopic images of experimental PMMA particles trapped in the microcavity array chip 

at 2 Vpp with different frequency, (A) 1000 Hz, (B) 900 Hz, (C) 800 Hz, (D) 700 Hz, (E) 600 Hz and 

(F) 500 Hz. Scale bar: 500 μm. 
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Figure S8. Microscopic images of experimental PMMA particles trapped in the microcavity array chip 

at 3 Vpp with different frequency, (A) 1000 Hz, (B) 900 Hz, (C) 800 Hz, (D) 700 Hz, (E) 600 Hz and 

(F) 500 Hz. Scale bar: 500 μm. 

v 
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Figure S9. Microscopic images of experimental PMMA particles trapped in the microcavity array chip 

at 4 Vpp with different frequency, (A) 1000 Hz, (B) 900 Hz, (C) 800 Hz, (D) 700 Hz, (E) 600 Hz and 

(F) 500 Hz. Scale bar: 500 μm. 
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Figure S10. Microscopic images of experimental PMMA particles trapped in the microcavity array chip 

at 6 Vpp with different frequency, (A) 1000 Hz, (B) 900 Hz, (C) 800 Hz, (D) 700 Hz, (E) 600 Hz and 

(F) 500 Hz. Scale bar: 500 μm. 

 

 

 

 

 

 

 

 



16 

 

 

 

Figure S11. Microscopic images of experimental PMMA particles trapped in the microcavity array chip 

at 7 Vpp with different frequency, (A) 1000 Hz, (B) 900 Hz, (C) 800 Hz, (D) 700 Hz, (E) 600 Hz and 

(F) 500 Hz. Scale bar: 500 μm. 

 

 

 

 

 

 

 

 



17 

 

 

 

Figure S12. Microscopic images of experimental PMMA particles trapped in the microcavity array chip 

at 8 Vpp with different frequency, (A) 1000 Hz, (B) 900 Hz, (C) 800 Hz, (D) 700 Hz, (E) 600 Hz and 

(F) 500 Hz. Scale bar: 500 μm. 
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Figure S13. Microscopic images of experimental PMMA particles trapped in the microcavity array chip 

at 9 Vpp with different frequency, (A) 1000 Hz, (B) 900 Hz, (C) 800 Hz, (D) 700 Hz, (E) 600 Hz and 

(F) 500 Hz. Scale bar: 500 μm. 
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Figure S14. Microscopic images of experimental PMMA particles trapped in the microcavity array chip 

at 10 Vpp with different frequency, (A) 1000 Hz, (B) 900 Hz, (C) 800 Hz, (D) 700 Hz, (E) 600 Hz and 

(F) 500 Hz. Scale bar: 500 μm. 
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Figure S15. Schematic representation of the bioadhesion-free cellular transfer printing system. 
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Figure S16. The actual dimensions of the microcavity structure along the X-Y-Z plane were applied in 

the FEM model. (A) 30 μm, (B) 50 μm, (C) 70 μm, and (D) 90 μm. 
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Figure S17. Experimental visualization of cellular entrapment within a 42×42 microcavity 

array (microcavity with 50 μm diameter). After adhesion, the cells were fluorescently labeled 

with Calcein AM to enhance observational clarity. 
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Figure S18. Numerical simulation of microstreaming velocity fields generated by neighboring 

microcavities. (A-D) Velocity distribution maps showing the microstreaming patterns induced 

by dual identical microcavities with diameters of 30 μm, 50 μm, 70 μm, and 90 μm, respectively. 

The inter-cavity spacing was set equal to the microcavity diameter in each configuration. Color 

maps represent the microstreaming velocity magnitude (μm/s). 

 

Comparative analysis of numerical simulations between single-microcavity and dual-

microcavity configurations revealed distinct microstreaming patterns dependent on 

microcavity dimensions. For microcavities with diameters of 30 μm, 50 μm, and 70 μm, the 

presence of neighboring microcavities primarily manifested in reduced microvortex 

dimensions while maintaining their morphological characteristics. However, a notable 

transition in flow behavior was observed in the 90-μm-diameter cavity configuration, where 

the proximity of adjacent cavities induced significant morphological alterations in the 

microvortex structure. This phenomenon suggests that the interaction between neighboring 

microcavities becomes increasingly pronounced as the microcavity diameter increases. 
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