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A B S T R A C T

We present an acoustofluidic micromixer based on a PDMS microballoon oscillator. Effective mixing is essential 
for diverse microfluidic applications. Among acoustofluidic techniques, cavitation microstreaming has shown 
exceptionally rapid mixing. However, its real-world application is limited due to the short operational lifetime of 
oscillating bubbles. To address this limitation, we introduce a novel device architecture comprising a resonating 
microballoon formed by an inflated, highly flexible, ultrathin PDMS membrane. The device was fabricated via 
coating PDMS membranes onto a Petri dish, followed by membrane transfer onto a 3D-printed oscillator body. 
Using solvent-free spin-coating, we achieved membranes as thin as 860 nm. The mechanical properties of our 
device were systematically characterized including inflation and deflation behaviors. To balance lifetime and 
streaming performance, we optimized the operational conditions using high-speed streaming visualization. 
Effective streaming was sustained over 6 h under the optimal configuration: 40-μm membrane thickness, 0.8-mm 
microballoon size, and 60-Vpp excitation voltage. The device demonstrated excellent mixing performance, ho
mogenizing a 6-μl ink in 600-μl DI water within 32 s. We also developed a finite element method based on the 
Yeoh hyperelastic model to guide device design and establish operational limits. Finally, we validated the de
vice’s utility by performing DNA extraction. The extracted DNA exhibited concentration, purity, and downstream 
applicability comparable to a commercial kit, yet with more than threefold throughput. We anticipate that our 
PDMS microballoon-based micromixer will offer a promising solution for a broad range of microfluidic appli
cations where reliable and efficient mixing is crucial.

1. Introduction

Mixing is the mass-transfer process of combining two or more sub
stances to bind or form products [1]. Mixing is a ubiquitous and 
fundamental function in microfluidic devices for a wide range of ap
plications including bio/-chemical analysis (e.g., nucleic-acid analysis 
[2], immunoassay [3], environmental analysis [4], sample preparation 
[5]), synthesis (e.g., isotope labeling [6], nanoparticle production [7], 
crystallization [8]), and enzymatic reactions (e.g., protein digestion [9], 
nucleic-acid restriction [10]). However, conventional convective mix
ing, relying on bulk-fluid movement, is ineffective at the microscale due 
to the predominance of viscous forces over inertial forces, reflected by 
low Reynolds numbers (Re<<1) [11,12]. Therefore, developing effec
tive microscale mixing techniques (i.e., microfluidic mixer or micro
mixer) remains a critical challenge. Despite being a long-standing field, 
micromixing continues to be an active area of research, as evidenced by 

the still-growing body of literature on this topic [13–17].
Microfluidic mixers are largely classified into passive and active 

types [1,17,18]. Passive mixers exploit diffusion between laminar 
streams or chaotic advection generated by specific channel geometries 
[1,17,19]. While they require no external energy input beyond the 
pressure needed to drive flow, their operation depends on complex 
microstructures such as staggered herringbone grooves [20], Tesla 
structures [21], and twisted channels [22], which can be difficult to 
fabricate. Moreover, passive mixing typically requires high flow rates 
(Re>1) and pressure, which may increase the risk of leakage [1,23]. A 
further limitation of passive mixing is the lack of precise control over the 
extent of mixing [18,24].

In contrast, active mixing employs external energy or stimuli (e.g., 
thermal [18], acoustic [25], electrokinetic [26], electrohydrodynamic 
[14]). The active mixers have a relatively simpler geometry (e.g., stan
dard channel or chamber), eliminating the need for intricate internal 
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structures. More importantly, active mixers offer precise control over 
mixing behavior [27]. That is, mixing can be rapidly turned on or off, 
and its intensity can be modulated by adjusting the input stimulus [28]. 
Such control is particularly advantageous for multistep assays such as 
DNA extraction, where sequential reagent addition and stage-specific 
mixing conditions are required [29].

Among the various active mixing strategies, acoustic or acousto
fluidic mixing has recently brought significant attention. Acoustofluidic 
mixing, encompassing Rayleigh streaming [30,31], cavitation micro
streaming [29,32], Eckart streaming [33,34], sharp-edge micro
streaming [35,36], acoustic plate-mode streaming [37–40], and 
surface-acoustic wave (SAW) streaming [41,42], utilizes streaming 
generated at liquid-solid or liquid-gas interfaces under acoustic reso
nance [43–45]. The acoustofluidic micromixer offers several advantages 
over other active approaches: (1) exceptionally rapid mixing, with 
timescales as short as a few tens of milliseconds [27], (2) simplified 
microfabrication, as streaming can be generated using a piezo actuator 
(i.e., PZT for bulk acoustic wave) or a piezoelectric substrate (i.e., 
lithium niobate for SAW) bonded to a microchannel, (3) straightforward 
operation, controlled by an alternating current (AC) signal generator, 
and (4) broad compatibility, as performance is largely insensitive to 
liquid properties (e.g., dielectric or magnetic) and channel-surface 
characteristics (e.g., electrokinetic).

Among acoustofluidic techniques, cavitation microstreaming has 
garnered particular interest. It exploits counter-rotating circulatory 
flows arising from resonating air bubbles [43,46–49]. Cavitation 
microstreaming has been implemented in various microfluidic applica
tions, including DNA fragmentation [50], immunoassay [51], and DNA 
extraction [29], owing to its simple implementation, involving 
bubble-capturing air pockets integrated into a microfluidic chip [29,32, 
52]. Furthermore, it champions exceptionally rapid mixing [53,54] as 
its streaming velocity reaches 100–400 μm/s [55]. However, despite its 
promise, real-world deployment remains constrained due to a critical 
drawback: the limited temporal stability of oscillating bubbles. Bubbles 
often collapse prematurely or air pockets flood unexpectedly due to the 
inherent instability of the air-liquid interface under acoustic excitation 
(Fig. 1a) [56,57]. In our previous work, we successfully demonstrated 
cavitation-microstreaming-based cell lysis and DNA extraction [29]. 
However, the spontaneous collapse of bubbles (usually <10 min) posed 
a major barrier to practical application and broader dissemination. To 
overcome this limitation, we propose a new device architecture as a 
robust alternative to a fragile air bubble. We hypothesized that a reso
nating microballoon, an inflated ultrathin PDMS membrane, suspended 
over a cavity, can generate acoustic streaming while offering a sub
stantially longer lifetime (Fig. 1b).

Previous studies presented acoustic streaming generated by vibrating 
membranes (or diaphragm) coupled with a cavity, using materials 

including a thin plastic film (the material not specified) [58], low-
pressure chemical vapor deposition (LPCVD) silicon nitride with and 
without perforations [59,60], wet-etched single-crystal silicon [61], and 
brass membranes [62]. These materials are stiff, indicated by high 
Young’s moduli:thermoplastics (55–420 GPa [63], LPCVD silicon nitride 
(270 GPa [64]), single crystal silicon (130–188 GPa [65]), and brass 
(102 GPa [66]). In contrast, PDMS exhibited a significantly lower 
Young’s modulus, ranging from 12 kPa to 2.50 MPa [67–69], a differ
ence of five to seven orders of magnitude. This compliance suggests that 
PDMS membrane may undergo larger dynamic deformation and stron
ger vibrations under the same acoustic input, potentially enhancing 
streaming performance. To the best of our knowledge, this is the first time 
to employ an ultrathin PDMS microballoon for acoustic streaming. 
While one previous report described the use of a PDMS membrane 
bonded to a PZT (lead zirconate titanate) actuator to induce acoustic 
streaming, it did not incorporate an air cavity to amplify membrane 
vibration [47,49,70]. Our approach, therefore, represents a novel 
configuration that leverages the mechanical compliance of PDMS in 
conjunction with a vibrating, expanded membrane to enhance acous
tofluidic performance. A previous work demonstrated a microbubble 
embedded in a cuboid PDMS chamber for acoustic cell manipulation. 
However, the microstructure was non-inflatable, limiting their stream
ing performance [71].

Here, we first fabricated ultrathin PDMS membranes via spin-coating 
on a polystyrene Petri dish. A PDMS microballoon was formed on a 3D- 
printed oscillator body using a membrane transfer technique. Key 
properties of the microballoon were characterized including its 
pressure-dependent inflation and time-dependent deflation. Next, its 
acoustofluidic performance was evaluated under various operating 
conditions using a high-speed streaming visualization, and the optimal 
parameters for effective and stable streaming were identified. The 
operational lifetime of the microballoon was assessed based on its ability 
to sustain streaming over extended periods. A finite-element analysis 
(FEA) method was developed to guide device design and establish 
operational limits. A dye homogenization test using an ink droplet was 
performed to quantify mixing performance. Finally, the DNA extraction 
was conducted to demonstrate the practical utility of our microfluidic 
device.

2. Materials and methods

2.1. Materials and reagents

Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow 
Corning (Midland, MI, United States). PlasClear, a transparent resin for 
digital-light-processing (DLP) 3D printing, was obtained from Asiga 
(New South Wales, Australia). Polystyrene (PS) Petri dishes, used as a 
flat mold for PDMS-membrane fabrication, were supplied by SPL Life 
Science (#10101, Pocheon, South Korea). Black ink used for mixing 
experiments was sourced from Javapen (Seoul, South Korea).

The MagaZorb DNA Mini-Prep Kit, a commercial DNA-extraction kit 
based on silica-coated magnetic beads, was obtained from Promega 
(#0000397378, Madison, WI, United States). Reagents for cell lysis and 
DNA extraction, including Proteinase K, lysis buffer, washing buffer I, 
washing buffer II, and elution buffer, were from a QIAamp DNA Mini Kit 
(Qiagen, Hilden, Germany). MagAttract Suspension G magnetic beads 
(#1026901) were also purchased from Qiagen. The K562 human 
chronic myeloid leukemia cell line was acquired from the Korean Cell 
Line Bank (Seoul, South Korea). RPMI-1640 culture medium and 
phosphate-buffered saline (PBS, pH 7.4) were obtained from Sigma 
Aldrich (St. Louis, MO, United States). Ethanol (99.5 %) was obtained 
from Daejung Chemicals and Metals (Shiheung, South Korea).

Forward and backward primers for PCR (polymerase chain reaction) 
were synthesized by Macrogen (Seoul, South Korea). PCR amplification 
was performed using 2 × DNA free-HotTaq PCR Master Mix (CellSafe, 
Yongin, South Korea) with nuclease-free DI water (#BW007a, 

Fig. 1. Comparison of stability between (a) cavitation microstreaming gener
ated by an oscillating bubble captured in an air pocket, and (b) acoustic 
microstreaming produced by a vibrating PDMS microballoon integrated with an 
air cavity.
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Biosolution, Suwon, South Korea). Agarose powder (Bio-Rad, Hercules, 
CA, United States), 50 × TAE buffer (#EBT002, Enzynomics, Daejeon, 
South Korea), Dyne LoadingSTAR fluorescent stain (#A751, DYNE Bio, 
Seongnam, South Korea), and 100 bp DNA ladder (DYNE Bio) were 
employed for gel electrophoresis of PCR products.

2.2. Determination of spin-coating conditions for PDMS membranes

The membrane fabrication process was adapted from previously re
ported spin-coating methods using Petri dishes [72,73]. Briefly, the 
PDMS pre-polymer base (part A) was mixed with the curing agent (part 
B) at a 10:1 ratio for 15 min. Bubbles formed during mixing were 
removed in a vacuum desiccator (NOVUS type, Duran, Mainz, Germany) 
for 20 min. A 10-cm-diameter PS Petri dish was inverted and mounted 
on a vacuum chuck of a spin coater (SC-100RPM, Rhabdos, Seoul, South 
Korea) as illustrated in Fig. S1 of Supplementary Information (SI). Once 
vacuum suction was engaged with the dish, a designated mass of PDMS 
(ranging from 2.2 to 6.6 g) was dispensed at its center. The dish was then 
rotated at various speeds (ω = 500–7000 rpm) and durations (t =
20–2400 s) for spin coating. After coating, the PDMS was cured in a 
preheated oven (Bio Konvision, Gwacheon, South Korea) at 80 ◦C for 
30 min.

We aimed to investigate the relationship between spin-coating pa
rameters and the resulting membrane thickness h. A particular focus was 
placed on achieving submicron-thick (<1 μm) membranes without the 
use of toxic organic solvents such as hexane [74,75] and 3-butyl alcohol 
[76], by optimizing spin-coating conditions alone. Additionally, we 
sought to detach the membrane reliably without relying on sacrificial 
layers, including photoresist [74,77], water-soluble polyacrylic acid 
[78], polyvinyl alcohol [79], and gelatin [69], or adhesion-reduction 
coatings including Teflon and Parylene C [80], which can complicate 
the fabrication process.

After curing was completed, the membrane thickness was measured 
using a laser-scanning surface profilometer (VK-X3000, Keyence, Osaka, 
Japan). A step edge was created by removing a small section of the cured 
PDMS film from the dish with a scalpel (X-acto, Westerville, OH, United 
States). Thickness measurements were performed by scanning across 
this step edge.

2.3. Fabrication process of PDMS microballoon oscillators

PDMS microballoon oscillators were fabricated using a membrane- 
transfer method adapted from previous studies [72,73]:

Step 1. Two types of oscillator bodies were designed using Solid
Works CAD software (Dassault Systèmes, Vélizy-Villacoublay, France). 
The first design was for optimizing operating parameters for effective 
and robust acoustofluidic streaming (Fig. 2a). The device features a 2- 
mm-diameter hole (or aperture) that defines the balloon diameter on a 
1-mm thickness and 10-mm diameter circular base, along with an 
embedded Luer port (the design imported from GrabCAD [81]), to 
enable rapid pneumatic connection and disconnection. The second 
design (Fig. 2b) was tailored for DNA extraction applications. It retained 
the same-sized hole and Luer port but included a fused 20-mm-diameter 
circular base to which a PZT actuator was attached for acoustic excita
tion. Additionally, a cylindrical reaction chamber (8-mm tall, 5.85-mm 
inner diameter, total volume 215 µl) was fabricated and bonded atop the 
base to serve as a container for DNA extraction. Both oscillator types 
were fabricated using a high-resolution DLP 3D printer (Max X27, Asiga) 
with PlasClear resin. After printing, residual resin was thoroughly 
washed by immersing the printed parts in an isopropyl alcohol (IPA)-
filled beaker and placing it in an ultrasonic bath (UC-20, Jeio Tech, 
Daejeon, South Korea). Post-printing curing was completed by UV for 
30 min using a UV irradiator (Flash Cure Box, Asiga). Residual mono
mers and photoinitiators can inhibit PDMS curing [82,83]. To address 
this issue, the printed components underwent thorough cleaning with 
IPA and heat treatment inside an oven (3 h at 80 ◦C) to eliminate any 

curing inhibitors prior to PDMS-membrane bonding. Care was taken to 
avoid overheating, which could induce thermal-stress-induced cracks in 
the printed structures.

Step 2. A desired mass of uncured PDMS was spin-coated onto an 
inverted Petri dish, as described in Section 2.2. Specifically, 2.2 g of 
PDMS (10:1 ratio) was dispensed at the dish center (Fig. 3a). Membrane 
thickness was controlled by adjusting the spin speed ω and time t 
(Fig. 3b). For example, 3000 rpm and 25 s yielded a ~32-μm-thick 
membrane. After coating, the PDMS was thermally cured in an oven at 
80 ◦C for 3 h (Fig. 3c).

Step 3. To bond the 3D-printed oscillator body to the cured mem
brane, a thin layer of PDMS (the same 10:1 ratio) was spin-coated 
directly onto the membrane as an adhesive layer (Fig. 3d). For 
example, 6000 rpm and 90 s yielded an ~8-μm-thick adhesive film after 
curing. The 3D-printed body was then positioned with its circular base 
facing down onto the adhesive-coated membrane (Fig. 3e). The assem
bly was cured at 80 ◦C for 10 h (Fig. 3f). During curing, a gentle weight 
(~7 g steel bolt) was applied to enhance adhesion. After curing, a per
manent bond was established between the PDMS membrane and the 3D- 
printed body.

Step 4. The bonded oscillator was detached from the Petri dish by 
cutting the membrane around the circular base using a scalpel (X-Acto 
knife), as shown in Fig. 3g. This membrane-transfer approach leverages 
the weaker adhesion of PDMS to the PS surface compared to the 3D- 
printed acrylate resin [67]. Excess membrane extending beyond the 
base was trimmed to complete the device fabrication (Fig. 3h).

Step 5. For the second oscillator type (Fig. 2b), an additional step 
was required. A 3D-printed cylindrical chamber was aligned and bonded 
to the top surface of the circular base, where the PDMS membrane had 
been attached. Because the cylinder did not adhere to the PDMS surface, 
the membrane was trimmed to fit entirely within the cylinder’s inner 
diameter, allowing secure bonding between the cylinder and the un
derlying base. This configuration enabled the chamber to contain cell 
and reagent solutions for lysis and DNA extraction without leakage.

Fig. 2. Designs of microballoon oscillator bodies. (a) First type, used for opti
mizing operating conditions, features a 2-mm-diameter hole and a built-in Luer 
port for delivering pneumatic pressure to inflate the attached PDMS membrane. 
(b) Second type, designed for DNA extraction, includes a 20-mm-diameter base 
for attaching a PZT actuator. A fused 4-mm-diameter secondary base in
corporates a Luer port for inflation, and a 3D-printed cylinder is bonded atop 
the base to form a reaction container.
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2.4. Characterization of microballoon inflation and deflation

The microballoon was pneumatically inflated underwater using a 
syringe pump (Legato 100, KD Scientific, MA, United States) fitted with 
a 10-ml gas-tight syringe (#81620, Hamilton, Reno, NV, United States) 
as exhibited in Fig. 4.

The fabricated microballoon oscillator was mounted perpendicular 
to the microscope stage to capture inflation images using a rectangular 
PS container (25 × 25 × 11.7 mm3, Hoeaden, Guangdong, China). One 
side of the container was machined to have a 6-mm-diameter hole using 
a CO2 laser cutter (Mini 24, Epilog, Golden, CO, United States). The 
oscillator was affixed to the container by inserting its male Luer port 
through the hole and sealing it with an O ring (inner diameter = 4.8 mm, 
Taekwang Special Rubber, Incheon, South Korea) and a female Luer 
connector. In this way, air leakage was minimized. The microballoon 

size wmax (yellow inset) was measured from bright-field images acquired 
with an upright microscope (BX-50, Olympus, Tokyo, Japan) equipped 
with a high-speed sCMOS camera (Edge 5.5, PCO, Kelheim, Germany) 
and 2 × objective lens (Plan, Olympus). The captured images were 
calibrated with a microscope micrometer (Alpha Science, Seoul, Korea). 
Inflation pressure P was measured using an in-line pressure sensor 
(EIPS345, Fluigent, Le Kremlin-Bicêtre, France) to establish the inflation 
behavior, i.e., the relationship between wmax and P.

Deflation behavior, expressed as wmax over time, was characterized 
using the same experimental setup with the in-line pressure sensor 
removed, as it was unnecessary for this measurement.

2.5. High-speed visualization of acoustic streaming

The operating parameters, including membrane thickness, excitation 
voltage, and balloon size, were experimentally optimized by examining 
the acoustic streaming generated around a vibrating microballoon. For 
streaming visualization, the same imaging setup (Fig. 4) was used, but in 
a fluorescence imaging mode. The high-speed sCMOS camera captured 
flow-field images at up to 100 frame per second (fps) at full resolution 
(2560 ×2160 pixels).

A PZT actuator (7BB-15–6L0, Murata, Kyoto, Japan) was bonded to 
the container bottom using instant glue (V-tech Strong Instant Adhesive, 
Youngil TS, Siheung, South Korea) to generate the acoustic field. The 
resonance frequency of the PZT actuator was 6.0 ± 1.0 kHz according to 
the product specification. For clear imaging, the actuator’s reflective 
brass surface was spray-painted white (Dupli-color, Motip Dupli, Hass
mersheim, Germany) [29]. A suspension of fluorescence tracer 
microbeads (#FH-10052–2, 10–14 μm diameter, Spherotech, Lake For
est, IL, United States) was loaded into the container, so that the inflated 
PDMS membrane (yellow inset) was exposed to the bead solution. 
During imaging, the container was left open to accommodate the short 
working distance of the objective lens (~5.8 mm).

Resonance frequencies of our devices (typically 5.7–6.1 kHz) were 
determined using electromechanical impedance spectroscopy (EMIS) 
via an impedance analyzer (MFIA, Zurich Instruments, Zurich, 
Switzerland), as described in our previous work [29,32]. The PZT 
actuator was driven at resonance using a sinusoidal voltage signal (Vpp) 
generated by a function generator (33210 A, Keysight, Santa Rosa, CA, 
United States) and amplified with a piezo amplifier (20 × gain, PD200, 

Fig. 3. Fabrication process of the microballoon oscillator. (a) A defined mass of PDMS was dispensed onto an inverted polystyrene Petri dish. (b) The PDMS was spin- 
coated at varying speeds and times to achieve a desired membrane thickness. (c) The membrane was thermally cured in an oven at 80 ◦C for 3 h. (d) A second, thinner 
PDMS layer was spin-coated onto the cured membrane to serve as an adhesive. (e) The 3D-printed oscillator body was gently placed onto the uncured adhesive layer 
with its base facing downward. (f) Permanent bonding between the PDMS membrane and oscillator body was achieved by curing the adhesive layer under a small 
weight (~7 g) at 80 ◦C for 10 h. (g) The bonded assembly was separated from the dish by cutting the membrane around the circular base using a scalpel. (h) The 
fabrication was completed by trimming the excess membrane surrounding the base.

Fig. 4. Custom setup for characterizing inflation/deflation and high-speed flow 
visualization. The PDMS microballoon oscillator was mounted horizontally 
onto a container (red inset). The microballoon was pneumatically inflated by 
injecting air through a syringe pump (yellow inset), while internal pressure was 
measured using an in-line pressure sensor (not shown). The balloon size wmax 
was measured with calibrated bright-field microscopy. For flow visualization, 
the microballoon oscillator was excited using a PZT actuator bonded to the 
container bottom, which was driven by a function generator and a piezo 
amplifier. Resulting acoustic streaming images was captured using a high-speed 
fluorescence microscopy.
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PiezoDrive, Newcastle, Australia). The container was filled with 2.5-ml 
of the bead suspension, yielding a fluid depth of ~5.12 mm. The 
microballoon’s position was 0.97-mm below from the water surface to 
enhance flow visualization by minimizing out-of-plane (Z-axis) compo
nents. High-speed images of fluorescence tracers were recorded at 100 
fps for 2 s (200 frames total). Flow streamlines were synthesized from 
these images using ImageJ (NIH, Bethesda, MD, United States) and 
subsequently analyzed using the FlowTrace plugin.

2.6. Optimization of operating conditions

The operating parameters, i.e., membrane thickness (h), excitation 
voltage (Vexc), and balloon size (wmax), were systematically optimized 
for effective and reliable acoustic streaming. Performance was evaluated 
qualitatively by comparing flow streamlines. Key indicators are the 
spatial extent (coverage) and the length of individual streamlines (flow 
velocity). A series of experiments were conducted by independently 
varying the membrane thickness (10–100 μm), excitation voltage 
(10–100 Vpp), and balloon size (0.06–1.5 mm). Optimal conditions were 
then determined by balancing acoustic-streaming strength with device 
stability. These optimized parameters were subsequently used for 
functional demonstrations, including ink mixing and DNA extraction.

2.7. Prediction of balloon size using finite element analysis

As the microballoon size wmax is a critical factor in determining 
streaming performance, theoretical prediction of wmax is desirable for 
rational micromixer design. wmax depends on multiple parameters 
including the mechanical properties of PDMS, device geometry, and 
applied pressure. However, a simple linear model [84] fails to reflect the 
observed inflation behavior, showing unacceptable discrepancies (see 
Fig. S2 in SI). Therefore, an FEA (finite element analysis) method was 
employed.

Motivated by recent findings that soft materials fabricated by spin- 
coating, such as PDMS Sylgard 184, exhibit thickness-dependent me
chanical properties [67,85] and given the challenges to directly measure 
the mechanical properties of ultrathin elastomeric membranes using 
conventional techniques (e.g., tensile test using a universal testing ma
chine), the unknown mechanical properties of PDMS were investigated 
as a function of membrane thickness through FEA. Forward models were 
constructed using the finite element (FE) framework and inverse prob
lems were solved to determine the best-fitting material parameters for 
each given thickness [86]. We used the nonlinear FE package ABAQUS 
(Dassault Systèmes) and adopted the Yeoh model as the constitutive 
model to describe the nearly incompressible hyperelastic behavior of 
ultrathin PDMS [87]. The Yeoh strain energy density function [88] W is 
defined as 

W =
∑3

i=1
Ci0(I1 − 3)i

+
1
D1

(J − 1)2 (1) 

where I1 is the distortional part of the first invariant of the right Cauchy- 
Green deformation tensor C = FTF, with the deformation gradient 
tensor F, and J is the determinant of F. The coefficients C10, C20, and C30 
present the material stiffnesses, and D1 is related to the inverse of the 
bulk modulus. The material was assumed to be nearly incompressible, 
with an initial Poisson’s ratio of 0.4995 [89].

Three different membrane thicknesses, 10, 40, and 100 μm, were 
considered for FE simulations. Each microballoon oscillator was 
modeled based on the corresponding experimental geometry, namely 
the aperture radius (i.e., hole radius) and membrane thickness (Fig. 5). 
The area defined by the aperture radius was free to deform under a 
uniform pressure P applied over the surface. Outside of this surface was 
constrained with all translational degrees of freedom to represent its 
permanent bonding to the oscillator body.

After mesh convergence tests, the FE model was constructed with 

6072 nodes and 4419 elements, using continuum hexahedral elements. 
By incrementally increasing pressure applied to the device, we measured 
deflected membrane heights (microballoon size wmax) to compare with 
experimental results. The maximum principal stress distribution was 
also analyzed to identify regions of potential membrane failure. Lastly, 
the pressures required to inflate microballoons of different aperture radii 
and thicknesses to target sizes were predicted using the model to provide 
guidelines for device design.

2.8. Mixing performance analysis

The mixing performance of the microballoon oscillator (first device 
type; Fig. 2a) was evaluated under bright-field imaging. Due to a limited 
field of view of the microscope (Fig. 4) for observing the entire mixing 
region, a separate imaging setup was constructed following a configu
ration similar to our previous work [29,32], as illustrated in Fig. S3 (SI).

Briefly, the mixing process was recorded using an sCMOS camera 
(CS2100M-USB, Thorlabs, Newton, NJ, United States) equipped with a 
1 × macro lens (EF 50 mm f/2.5, Canon, Tokyo, Japan). The micro
device was mounted on a custom-built XY-translational stage. Illumi
nation was provided by two LED light sources (LED-50W, AmScope, 
Irvine, CA, United States). A light diffuser (PULUZ, Shenzhen, China) 
was attached to the light-guide tips to reduce glare. The same function 
generator and piezo amplifier described in Section 2.5 were employed 
for excitation.

Due to challenges in using the excessive liquid volume in the PS 
container (12.5 ml) to characterize mixing, a smaller custom container 
with halved internal dimensions (16.4 × 8.2 × 11 mm3 per compart
ment) was fabricated using fused deposition modeling (FDM) 3D printer 
(X1, Bambu Lab, Shenzhen, China) and PLA filament (PLA Basic, 
Bamboo). Only one compartment, where the microballoon oscillator 
(inflated to ~0.8 mm) was mounted horizontally, was used for mixing 
experiments. A 6-μl droplet of black ink was gently injected into a 600 μl 
of DI water preloaded into the compartment. The PZT actuator attached 
to the container bottom was excited at the resonance frequency using 
60 Vpp. Bright-field images were captured at 30 fps for 200 s. A control 
experiment was conducted under identical conditions without 
excitation.

Grayscale image sequences were analyzed in ImageJ to extract pixel- 
wise intensity values across the region of interest (ROI). The mixing 
index (MI) was calculated using the following expression [32]: 

MI = 1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

i=1

(ci − c
c

)2

√
√
√
√ (2) 

where ci is the intensity of ith pixel, and c is the average intensity within 
the ROI. In this context, MI= ~0 corresponds to an unmixed state while 
MI= ~1 indicates a fully mixed state. Due to inherent imaging noise, MI 
typically plateaus below 1. The mixing time was defined as the point 
where MI reached 90 % of its steady-state value.

2.9. Cell lysis and DNA extraction using the microballoon oscillator

To demonstrate the practical utility of our microballoon oscillator, 

Fig. 5. Finite element model of a circular thin membrane defined by an aper
ture radius and membrane thickness.
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we performed cell lysis and subsequent DNA extraction using the second 
device type (Fig. 2b), as exhibited in Fig. 6. The K562 human chronic 
myeloid leukemia cell line was used for this application.

Upon arrival, cells were centrifuged at 4000 rpm for 5 min using a 
centrifuge (5810 R, Eppendorf, Hamburg, Germany) to remove the 
frozen culture medium. Resulting cell pellets were resuspended in fresh 
RPMI-1640 culture medium. A 4-ml cell suspension (~4.2 ×106 cells/ 
ml) was prepared and stored at 4 ◦C until use. Cell concentration was 
measured using a hemocytometer (C-Chip, INCYTO, Cheonan, South 
Korea), and cell images were acquired with an inverted microscope (IX- 
73, Olympus) equipped with an sCMOS camera (Zyla 5.5, Andor Tech
nology, Belfast, United Kingdom). Cell counting was performed using 
the Multi-point tool of ImageJ.

The experimental protocol was adapted from our previous 
cavitation-microstreaming-based DNA extraction workflow [29], with 
modifications to accommodate the different device geometry and fluid 
dynamics: specifically, an 8-mm-tall, 5.85-mm-inner-diameter cylin
drical container (215-µL volume) compared to the previously used 
0.5-mm-thick flat microchamber (100 µL). In addition, PCR tape 
(#AB-0558, Thermo-Fisher, Waltham, MA, United States) was used for 
container sealing instead of Teflon tape. Conceptually, the procedure 
resembles conventional microtube-based DNA extraction using mag
netic beads, with acoustofluidic mixing replacing vortexing. An exper
imental setup, similar to that used for mixing performance 
characterization, was employed to monitor the entire DNA extraction 
process (Fig. S4 in SI). The complete protocol is described in Section S.1 
of SI. A summary is presented below:

Step 1: Device preparation. The oscillator device is securely 
mounted onto a custom 3D-printed jig fixed to the XY stage (Fig. S4 in 
SI) throughout all assay steps. The container is thoroughly cleaned using 

1 × PBS for 1 min for new devices or sequentially with 99.5 % ethanol 
and 1 × PBS for 1 min each for reused devices (Fig. 6a). All liquid 
handling was performed using a micropipette.

Step 2: Reagent/sample loading. A 40-µL solution of ethanol 
containing silica-coated magnetic beads is introduced into the container, 
followed by a 63-µL mixture of cells, lysis buffer, and Proteinase K 
(Fig. 6b). After loading, the container is sealed with PCR tape.

Step 3: Cell lysis. The reagents and cells are mixed for lysis using 
acoustic streaming generated by the microballoon oscillator located at 
the container bottom (Fig. 6c). Genomic DNA and cellular contents are 
released, with DNA selectively adsorbed to the silica-coated magnetic 
beads.

Step 4: Bead collection and removal of intracellular materials. A 
neodymium magnet is placed against the container wall to aggregate the 
suspended magnetic beads into a compact cluster (Fig. 6d). After the 
actuator is deactivated, the PCR tape is removed, and the supernatant is 
aspired to remove cellular debris.

Step 5: Purification. 100-µL of wash buffer I is added while 
retaining the DNA-bound magnetic beads on the wall. After resealing the 
container, the magnet is removed to resuspend the beads. Acoustic 
mixing is activated to wash residual impurities from the beads while the 
DNA remains bound (Fig. 6e). After mixing, beads are recollected 
magnetically, the tape is removed, and the wash solution is discarded 
(Fig. 6f). This step is repeated using wash buffer II.

Step 6. DNA elution. 100 µL of elution buffer is added to the 
container holding the DNA-bound beads. After resealing, the magnet is 
displaced to resuspend the beads. The microballoon is excited to release 
DNA from the bead surface (Fig. 6g). After mixing, the empty beads are 
magnetically recollected. The tape is removed, and the eluted DNA so
lution is collected for downstream analysis (Fig. 6h).

Fig. 6. Workflow of cell lysis and DNA extraction using the microballoon oscillator (figures are not drawn to scale). A side view of the oscillator device is illustrated 
for each step. Step 1. (a) The cylindrical container is thoroughly cleaned prior to use. Step 2. (b) Silica-coated magnetic beads in ethanol are loaded, followed by a 
solution containing cells, lysis buffer, and Proteinase K. Step 3. (c) The device is excited at its resonance frequency via the bonded PZT actuator, generating acoustic 
streaming from the bottom. As cells lyse, intracellular contents are released, and DNA is adsorbed to the beads. Step 4. (d) After the actuator is turned off, a 
permanent magnet is applied to the container wall to collect the beads. The supernatant containing unwanted cellular debris is discarded. Step 5. (e) A first wash 
buffer is introduced, and the device is re-excited. (f) DNA-bound beads are collected magnetically, and the wash solution containing residual impurities is discarded. 
(e) and (f) are repeated with a second wash buffer. Step 6. (g) Elution buffer is introduced, and the device is re-excited, releasing DNA from the beads. (h) Beads are 
recollected, and the DNA solution is retrieved for downstream applications.

Y. Yang et al.                                                                                                                                                                                                                                    Sensors and Actuators: B. Chemical 448 (2026) 139009 

6 



2.10. Cell lysis and DNA extraction using a commercial kit

As a control, DNA extraction was performed using the MagaZorb 
DNA Mini-Prep Kit, a commercially available magnetic-bead-based 
extraction kit. The procedure followed the same protocol described in 
our previous study [29]. The complete protocol is reproduced in Section 
S.2 of SI.

2.11. Performance analysis of DNA extraction

To evaluate the performance of our microballoon-based DNA 
extraction method, both DNA concentration and purity were quantified 
using a UV/Vis spectrophotometer (NanoPhotometer-P330, Implen, 
Bayern, Germany). The results were benchmarked against those ob
tained using the commercial kit.

DNA concentration was determined by measuring UV absorbance at 
260 nm (A260), with background correction at 320 nm (A320). DNA 
purity was assessed based on the A260/A280 and A260/A320 absor
bance ratios. Further details regarding the measurement protocol and 
data interpretation can be found in our previous publication [29].

2.12. PCR and gel electrophoresis

To evaluate the quality of DNA extracted using our device compared 
to that obtained with the commercial kit, PCR (polymerase chain reac
tion) and agarose gel electrophoresis were performed. A 116-bp von- 
Willebrand-factor (vWF) gene was amplified using a specific primer 
set and a thermocycler (#TC9639, Benchmark Scientific, Sayreville, NJ, 
United States).

Each 20-µL PCR reaction mixture comprising 1 µL of forward primer 
and 1 µL of backward primer (final concentration of 0.0125 mM each), 
10 µL of 2 × DNA free-HotTaq PCR Master Mix, 3 µL of DNA sample, and 
5 µL of nuclease-free DI water was loaded into a 0.2-ml PCR tube (PCR- 
02-C, Axygen, Corning, NY, United States) for thermocycling. The 
amplification cycle consists of a denaturation step at 95 ºC for 5 min, 
followed by annealing at 55 ºC for 30 s, and extension at 72 ºC for 1 min. 
The subsequent 35 cycles followed the same protocol, except that each 
denaturation step was shortened to 1 min. A final extension step was 
performed at 72 ºC for 5 min. The following primer sequences were used 
for amplification [29]:

Forward primer: 5′-TCAGTATGTGACTTGGATTG-3′
Backward primer: 5′-GATAAATACATAGGATGGATGG-3′.
PCR products, stained with Dyne LoadingSTAR dye, were analyzed 

via electrophoresis on 2 % w/v agarose gel at 230 V for 70 min. DNA 
bands were visualized using a gel scanner (Dux GelDoc, Biomedux, 
Suwon, South Korea). Additional procedural details are available in 
Section S.3 in SI.

3. Results and discussion

3.1. Optimizing spin-coating conditions for minimizing PDMS-membrane 
thickness

The thickness of a spin-coated film, h, is empirically related to the 
rotational speed ω according to the following model [84]: 

h = kωα (3) 

where k and α are experimentally derived constants. k is related to 
viscosity and α is typically negative, indicating an inverse relationship 
between h and ω. To establish a baseline behavior, 2.2 g of PDMS was 
loaded and spin-coated for 20 s at varying rotational speeds. The 
resulting membrane thicknesses were curve-fitted to Eq. (3) using Sig
maplot 14.0 (SYSTAT, Chicago, IL, United States) as shown in Fig. 7a. 
The data yielded fitted parameters k = 15822 μm and α = -0.77. The 
minimum thickness achieved under these conditions was 11.9 μm at 

7000 rpm, insufficient for sub-μm-scale films.
Next, we investigated the effect of increasing the PDMS mass 

(2.2–6.6 g) at constant spin speed (7000 rpm) and coating time (20 s). 
As shown in Fig. 7b, no substantial change in h was observed, consistent 
with previous findings [90]. To achieve thinner membranes, the 
spin-coating time t was extended (500–2400 s) while keeping the PDMS 
mass (2.2 g) and spin speed (7000 rpm) constant. This dataset was fitted 
to an extended empirical model that accounts for spin time [91]: 

Fig. 7. Optimization of spin-coating conditions for fabricating ultrathin PDMS 
membranes without solvent dilution. (a) Membrane thickness h as a function of 
spin-coating speed ω at a fixed PDMS mass of 2.2 g and coating time of 20 s. (b) 
Effect of varying PDMS mass (2.2 – 6.6 g) on membrane thickness at 7000 rpm 
and 20 s, and (c) membrane thickness h as a function of spin-coating time t at a 
constant speed of 7000 rpm and mass of 2.2 g. Submicron thickness (860 nm) 
was achieved only by extending the coating time, demonstrating solvent-free 
membrane fabrication.
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h =
h0

(1 + cω2h0
2t)0.5 (4) 

where c and h0 are fitting parameters. Curve fitting yielded parameters 
h0 = 490.89 μm and c = 7.0 × 10− 10 rpm− 2 μm− 2 s− 1, as shown in 
Fig. 7c. By increasing t to 2400 s, we achieved a membrane thickness of 
860 nm, successfully entering the sub-μm regime.

To the best of our knowledge, this is the first report of sub-μm mem
branes fabricated from standard Sylgard-184 PDMS without using toxic 
organic solvents. Producing membranes thinner than 10 μm typically 
requires dilution with solvent such as hexane or 3-butyl alcohol [67,80, 
92,93]. An exception is sub-μm membranes fabricated using Sylgard 
527, a lower-viscosity variant [73]. Our approach thus provides a 
cleaner and more accessible alternative for ultrathin PDMS membrane 
fabrication.

In the current study, membranes with thicknesses ranging from 10 to 
100 µm were employed for constructing microballoon-based micro
mixers. Sub-micrometer membranes, though successfully fabricated, 
were deemed too fragile for the present micromixer configuration, 
having a relatively large pneumatic hole (2-mm diameter). However, we 
envision their application in future designs, further miniaturized with 
smaller holes (say, hundreds of micrometers or less), where thinner 
membranes could be more reliably accommodated.

3.2. Characterization of microballoon inflation

Microballoons were inflated using a syringe pump at a flow rate of 
5 ml/min for 35 s. The membrane deflection wmax was measured as a 
function of applied pressure using an in-line pressure sensor. All mea
surements were conducted under water at a depth of 0.97 mm, where 
the hydrostatic pressure was negligible (~50 Pa). The resulting de
flections for the three membrane thicknesses are plotted in Fig. 8. 
Experimental data were curve-fitted using a five-parameter exponential 
function y = y0+a exp(-bx)+c exp(-dx) using Sigmaplot, yielding 
excellent fits with R2= 0.994, 0.999, and 0.999 for 100-, 40-, and 10-μm 
microballoons, respectively. As expected, thinner membranes exhibited 
greater deflection under a given pressure due to their higher 
compliance.

3.3. Characterization of the microballoon deflation and lifetime

PDMS is practically impermeable to water [94], but permeable to 

gases [95]. For example, the gas permeability of oxygen, hydrogen, and 
nitrogen at 35◦C is 52531, 58440, and 26266 cm3⋅mm/m2⋅day⋅atm, 
respectively [96]. In contrast, Parylene C, commonly used stiffer mem
brane material, has a significantly lower oxygen permeability of 
2.83 cm3⋅mm/m2⋅day⋅atm [97]. Consequently, PDMS-based micro
balloons are expected to deflate gradually due to air permeation, leading 
to a decline in acoustic streaming. Therefore, it is important to charac
terize the time-dependent reduction in microballoon size wmax to esti
mate operational lifetime.

To investigate deflation behavior, microballoons with thicknesses of 
10, 40, and 100 µm were inflated to an equal initial size and allowed to 
deflate over time for direct comparison. During preliminary tests, 
microballoons ruptured prematurely if inflated at 5 ml/min (as used in 
Section 3.2). The absence of the pressure sensor, which acted as a 
pneumatic resistor, likely caused unregulated airflow surges and mem
brane failure. To prevent this, the flow rate for the initial inflation was 
reduced to 1 ml/min for all subsequent experiments. We unexpectedly 
noted that thicker membranes ruptured at smaller balloon sizes than 
thinner ones during initial inflation. For instance, the smallest ruptured 
balloon size was 0.68 mm (average = 0.70 mm, n = 3) for the 100-μm 
membrane, whereas no ruptures occurred for thinner membranes at the 
same size. Consequently, an initial target balloon size of 0.6 mm (actual 
average = 0.59 mm) was adopted as a safe limit for all thicknesses.

The deflating balloon size was recorded over time as shown in Fig. 9. 
The data were fitted using a five-parameter exponential decay model 
y = y0 + a⋅ exp(-bx)+c⋅ exp(-dx) using Sigmaplot. The fits achieved 
excellent agreement (R2= 0.999, 0.999, and 0.997 for 100-, 40-, and 10- 
μm membranes, respectively). As expected, thinner membranes deflated 
more rapidly due to higher air permeability. Within the first 30 min, the 
10-μm membrane exhibited the largest size reduction (45 %), while the 
100-μm membrane showed the smallest (23.7 %). After this initial 
phase, the rate of deflation decreased for all cases, while the relative 
order of deflation remained the same for the 9-hour period. Interest
ingly, all three balloon types converged to a similar final size 
(~0.20 mm) after 12 h, with total reductions of 67.8 %, 63.8 %, and 
66.1 % for the 10-, 40-, and 100-µm membranes, respectively. The 
reason for this convergence is not fully understood, but it is likely that 
the driving force for air permeation, the pressure gradient across the 
membrane, decreases while approaching the steady state, because the 
internal pressure drops during deflation [98,99], slowing further air loss 
regardless of membrane thickness.

The operational lifetime, defined as the time to reach 90 % of the 
total size reduction based on fitted curves, was 4 h 27 min, 8 h 52 min, 

Fig. 8. Inflation characteristics of PDMS microballoons with membrane 
thicknesses of 10, 40, and 100 μm measured underwater as a function of applied 
pressure. Data represent wmax, deflection at the membrane center (n = 3 for 
each thickness). The relationship illustrates thickness-dependent compliance, 
with thinner membranes exhibiting larger deflections under identical pressures.

Fig. 9. Characterization of microballoon deflation via air permeation through 
PDMS membranes. The microballoon size wmax was monitored underwater over 
time for different membrane thicknesses of 10, 40, and 100 µm. Thinner 
membranes exhibited faster deflation, while all converged to a similar final size 
after 12 h.
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and 9 h 59 min for 10-, 40-, and 100-μm membranes, respectively.

3.4. Optimization of operating conditions based on streaming analyses

To determine optimal operating conditions, we investigated the ef
fects of membrane thickness (h), excitation voltage (Vexc), and balloon 
size (wmax) on acoustic microstreaming generated by oscillating PDMS 
microballoons. Cavitation microstreaming generates flows via viscous 
dissipation of acoustic energy at the vibrating air-liquid interface of 
entrapped bubbles [43,46]. Given this mechanism, we hypothesized that 
an oscillating ultrathin PDMS microballoon (i.e., a flexible membrane 
suspended over a cavity) could generate streaming with improved sta
bility [47–49]. Indeed, membrane oscillation produced two 
counter-rotating vortices (Fig. 10), resembling those observed in cavi
tation microstreaming [29,32].

3.4.1. Determination of excitation frequency
For streaming analysis, we excited the PZT actuator at the resonance 

frequency of the fully assembled device (red inset of Fig. 4), which is a 
complex coupled mechanical resonator comprising the piezo actuator, 
polystyrene rectangular container, 3D-printed oscillator body, and 
inflated PDMS membrane. As previously reported, efficient elastic-wave 
propagation to the target resonator and surrounding fluid requires 
proper frequency matching between the target resonator (i.e., inflated 
membrane) and the overall structure [100,101]. Ideally, the entire 
coupled system should resonate at these or near the matched frequencies 
to maximize energy transfer. However, matching the low resonance 
frequency of our device (5.7–6.1 kHz) and the high resonance fre
quencies of ultrathin, inflated membranes (>20 kHz) is challenging in 
practice due to a large frequency difference. The resonance frequency of 
the polymer-based device was relatively small due to low acoustic 
impedance, high damping, and relatively large structural mass. A sig
nificant frequency mismatch between coupled components can lead to 
less effective wave propagation and reduced vibration amplitude [100]. 
Hence, exciting the system at the eigenfrequencies of the isolated 
(uncoupled) membrane (>20 kHz) can be suboptimal for our design. In 
contrast, exciting the PZT actuator at the resonance frequency of the 
entire device, where the overall mechanical vibration is maximized, can 
yield more effective acoustic streaming. Additionally, the affordable 
piezoelectric actuator used here is designed to operate in a 
low-frequency bending mode (6.0 kHz ± 1.0 kHz), rather than in 
thickness modes required for high-frequency operation. As a result, the 
actuator is more efficient when driven near its specified resonance (i.e., 
the coupled resonance frequency of our device), rather than at uncou
pled microballoon eigenfrequencies (>20 kHz), further justifying exci
tation at the resonance frequency of the entire device.

To validate this approach, we compared the acoustic streaming 
performance at both the measured resonance frequency of the coupled 
system (~6.1 kHz) and the 1st, 2nd, and 3rd eigenfrequencies of the 
isolated microballoon (22.446, 31.347 and 49.919 kHz, respectively, 
obtained via finite element modal analysis in Section 2.7) with the same 
excitation voltage of 10 Vpp. As shown in Fig. S5, the strongest streaming 
occurred at 6.1 kHz, followed by 22.2 kHz (likely due to small de
viations between modeled and actual system behavior). Moreover, 
practically no acoustic streaming was observed at 31.3 and 49.9 kHz. 
These findings are consistent with our previous studies on cavitation 
microstreaming, where excitation at the chip-resonance frequency led to 
stronger streaming than excitation at the resonance frequency of an 
isolated bubble [29,32].

3.4.2. Optimization of membrane thickness
We then optimized membrane thicknesses by testing h = 10, 40, and 

100 μm while maintaining constant balloon size (0.55 mm) and exci
tation voltage (60 Vpp). Actual balloon sizes deviated slightly from the 
target due to the difficulty of precisely controlling inflation volume (e.g., 
= ~0.5 ml for wmax = 0.55 mm). We assumed that the flexible PDMS 
membrane would generate strong acoustic streaming, considering the 
low Young’s modulus of PDMS (12 kPa - 2.50 MPa), especially when 
compared to 5-to-7 orders-of-magnitude stiffer materials used in previ
ous diaphragm-based streaming studies, such as thermoplastics 
(55–420 GPa), LPCVD silicon nitride (270 GPa), single-crystal silicon 
(130–188 GPa), and brass (102 GPa).

As exhibited in Fig. 10, streaming behavior followed consistent 
trends; thinner membranes produced both faster (evidenced by longer 
fluorescent-particle streaks) and broader flow fields (larger elliptical 
pathlines formed by counter-rotating flows). Among the tested condi
tions, the thickest membrane (h = 100 µm) generated the weakest 
streaming. While the 10-µm membrane produced the strongest stream
ing, it suffered from a significantly shorter operational lifetime (4 h 
27 min) as shown in Section 3.3. Balancing streaming performance with 
durability, h = 40 µm was selected as the optimal membrane thickness, 
achieving robust streaming while maintaining a functional lifetime 

Fig. 10. Streamline images generated by PDMS microballoons with membrane 
thicknesses of 10, 40, and 100 μm. Thinner membranes produced faster and 
broader streaming flows, as indicated by longer particle streaks and wider 
pathlines. For all cases, the balloon size (wmax) was maintained at ~0.55 mm, 
and the excitation voltage (Vexc) was 60 Vpp.
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exceeding 6 h. For applications requiring short-term operation (say, 
<4.5 h), the 10-µm membrane may be preferable due to its superior 
streaming intensity.

3.4.3. Optimization of excitation voltage
With membrane thickness fixed at the optimal value of h = 40 µm, 

we investigated the effect of excitation voltage Vexc on streaming per
formance over a range of 10–80 Vpp. Voltages above 80 Vpp were 
excluded due to the risk of premature PZT-actuator malfunction due to 
overheating. The balloon size (wmax) was maintained at 0.55 mm for all 
tests.

As shown in Fig. 11, the least effective streaming was observed at 
10 Vpp, as expected. Both the velocity and spatial extent of acoustic 
microstreaming increased with rising voltage. However, at 80 Vpp, the 
formation of a drifting secondary flow, possibly streaming originating 
from the vibrating container walls, interfered with and partially sup
pressed the microballoon-induced streaming. Based on these observa
tions, 60 Vpp was determined as the optimal excitation voltage, 
providing strong and stable streaming without undesirable secondary- 
flow effects. Similar voltage-dependent trends were observed for de
vices fabricated with both thinner (10 µm) and thicker (100 µm) mem
branes (see Fig. S6 in SI).

3.4.4. Analysis of the impact of microballoon size on streaming
We next investigated the impact of balloon size (wmax) on acoustic 

streaming. A larger balloon is expected to produce a broader oscillating 
membrane surface, thereby generating more extensive streaming re
gions. Additionally, due to the Poisson effect, inflation-induced thinning 
of the PDMS membrane can enhance streaming, consistent with the 
membrane thickness trends observed in Section 3.4.2. Care must be 
taken not to inflate the membrane beyond its limit, as excessive internal 
pressure can rupture the membrane (see Fig. S7 in SI) or cause rapid 
deflation after excitation, possibly due to undetected microtears.

To establish safe operating limits, we first determined the maximum 

wmax for each membrane thickness. For the 40-μm membrane, micro
balloons ruptured at an average size of 1.05 mm (n = 3), being a prac
tical upper limit for inflation. For the 10- and 100-μm membranes, 
average rupture sizes were 1.47 and 0.7 mm, respectively (n = 3). 
Experimental observations for the 40-μm-thick microballoon confirmed 
that both streaming velocity and spatial coverage improved with 
increasing balloon size (Fig. 12). To validate the importance of mem
brane inflation, we also conducted a control experiment in which the 
syringe pump was disconnected, for no deliberate balloon expansion. In 
this case, the PDMS membrane remained essentially flat, with a slight 
deformation (wₘₐₓ = 0.06 mm), possibly due to minor stretching caused 
by detachment from the Petri dish. Under this configuration, negligible 
acoustic streaming was observed, signifying the critical role of balloon 
inflation in generating effective acoustic streaming. To further evaluate 
the influence of membrane thickness on streaming behavior, we sys
tematically tested combinations of balloon sizes and membrane thick
nesses. Results are tabulated in Fig. S8 (SI).

Combining these finding with those from Sections 3.4.2 and 3.4.3, 
we conclude that streaming performance improves with (1) thinner 
PDMS membranes, (2) higher excitation voltage, and (3) larger micro
balloon sizes, provided that the reliability requirements are met, 
including membrane integrity, operational lifetime, and avoidance of 
secondary-flow suppression and thermal damage.

3.4.5. Characterization of device lifetime and optimization of microballoon 
size

We investigated the long-term operational stability of the PDMS 
microballoon oscillator. As discussed in Section 3.3, PDMS micro
balloons gradually deflate due to air permeation, eventually diminishing 
acoustic streaming owing to the size-dependent streaming performance 
observed in Section 3.4.4. Although the thinnest membrane with the 
largest balloon (h = 10 μm, wmax = 0.61 mm) demonstrated the most 
vigorous streaming (Fig. S8 in SI), its rapid deflation underscored the 
importance of evaluating device lifetime. While Section 3.3

Fig. 11. Streamline images generated at excitation voltages ranging from 10 to 80 Vpp. Increasing the excitation voltage enhanced both streaming velocity and 
spatial extent. At 80 Vpp, however, the emergence of secondary flows, likely streaming induced from the vibrating container walls, disrupted the microballoon-driven 
streaming. Based on these results, 60 Vpp was selected as the optimal excitation voltage. For all experiments, the balloon size (wmax) was set was ~0.55 mm, and the 
membrane thickness (h) was 40 μm.
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characterized membrane shrinkage under static conditions without 
excitation, here we seek to evaluate device lifetime under active exci
tation at the optimized membrane thickness (h = 40 μm), focusing on the 
duration of sustained streaming performance.

A 40 μm-thick microballoon, initially inflated to wmax = 1.05 mm, 
deflated to 0.21 mm over 24 h (80 % reduction, Fig. S9 in SI). Stream
line analysis indicated that effective acoustic streaming persisted for 6 h 
(i.e., a 61 % size reduction) beyond the operational timescale of typical 
microfluidic assays. However, this large balloon size suffered from a low 

manufacturing yield (~60 %), with frequent ruptures or membrane 
delamination during inflation, even at a modest air-injection rate of 
1 ml/min.

To address this problem, we repeated the experiment with a smaller 
balloon (wₘₐₓ = 0.78 mm; target = 0.8 mm) as exhibited in Fig. 13. The 
fabrication yield was 100 % because the size was ~26 % below the 
practical size limit of 1.05 mm for 40-µm membranes. Similar to the case 
of wmax = 1.05 mm (Fig. S9 in SI), this configuration also maintained 
effective streaming for 6 h despite a 67 % size reduction. Balancing 

Fig. 12. Streamline images generated by PDMS microballoons with varying sizes (wmax). Both flow speed and range increased with balloon size, indicating enhanced 
acoustic streaming performance. A control experiment with uninflated membrane (wₘₐₓ = 0.06 mm, likely due to membrane stretching caused by detachment from 
the Petri dish) exhibited negligible streaming. For all experiments, the membrane thickness was 40 μm, and the excitation voltage was 60 Vpp.

Fig. 13. Long-term stability test. The balloon gradually deflated from 0.78 mm to 0.26 mm (a 66 % reduction) over 12 h due to air permeation through the PDMS 
membrane. Despite the size decrease, strong streaming persists for over 6 h. The membrane thickness was 40 μm, and the excitation voltage was 60 Vpp.
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fabrication yield, operational lifetime, and streaming performance, we 
identified wmax = 0.8 mm as the optimal balloon size.

3.4.6. Optimized operating condition
By balancing the streaming speed and spatial coverage, long-term 

stability, and fabrication yield, the optimal operational condition was 
determined to be a 40-μm-thick PDMS membrane with a balloon size of 
0.80 mm, excited at 60 Vpp. For microfluidic assays requiring shorter 
operational times (e.g., <1 h), microballoons with a 10-μm-thick PDMS 
membrane may be preferable due to their superior mixing performance.

3.5. Prediction of microballoon size using a finite element model

For a small deflection, the theory of a clamped circular diaphragm 
under uniform pressure predicts wmax, the maximum deflection at the 
diaphragm center, as the following expression [102]: 

wmax =
3(1 − υ2)R4P

16Eh3 (5) 

where R is the diaphragm radius (or aperture radius), E is the Young’s 
modulus, and υ is the Poisson’s ratio. According to this model, wmax 
increases linearly with P within the small-deflection regime. For our 
microballoon device, R = 1 × 10− 3 m and υ = 0.4995 [68,89].

Previous studies have reported that Young’s modulus of a PDMS 
membrane depends on thickness [67,69,80] because spin coating in
duces shear stresses that align and stretch the random coil structure of 
polymer chains into a reordered, stronger network [67]. We estimated 
the Young’s moduli by extrapolating and interpolating published data 
(see Fig. 3 in ref. [67]). We assumed negligible temperature dependence 
because curing temperatures were not specified in the referenced studies 
[68,103]. The estimated Young’s moduli were E = 1.11, 1.30, and 
1.60 MPa for the membrane thickness h = 10, 40, and 100 μm, respec
tively. However, the theoretical linear model (Eq. 5) deviated signifi
cantly from the experimental measurements across all thicknesses and 
pressure ranges (Fig. S2 in SI). This discrepancy became exacerbated for 
thinner membranes. To better capture the observed behavior, we per
formed finite-element (FE) simulations using the ABAQUS software 
package.

To explore the optimal parameter candidate for the Yeoh hypere
lastic model, we utilized Latin hypercube sampling [104], with particle 
swarm optimization (PSO) [105,106]. Uniformly distributed parameters 
of the Yeoh model over a prescribed parameter range were sparsely 
sampled first, with each set enacting a particle in the PSO algorithm. The 
local and global best positions of the particles were then iteratively 
updated in a gradient-free manner to minimize the objective function, 
which was defined as the RMSE (root-mean-square error) between 
experimentally measured and simulated membrane heights (wmax) 
under applied pressure. The global best position was selected as the 
optimal parameter set after full iterations or under a convergence cri
terion that no further improvement in the RMSE is observed over a 
predefined number of additional cycles. The fitted material parameters 
of the Yeoh model are summarized in Table 1.

The FE simulation results using the optimized parameter set in 
Table 1 are shown in Fig. 14a, where the variation of membrane 
deflection (wmax) varies with respect to applied pressure. Deformed 
configurations with z-directional displacements are also presented in 
Fig. 14b, c, and d when the largest pressures in Figs. 14a, 83.03 kPa, 

77.89 kPa, 63.24 kPa, respectively, are applied for each thickness. The 
model achieved excellent agreement with experimental data, yielding 
the coefficients of determination (R²) 0.980, 0.995, and 0.986 for 
membrane thickness of 10, 40, and 100 μm, respectively. Furthermore, 
the predicted microballoon shapes closely matched experimentally 
observed shapes (data not shown), confirming the accuracy of the FE 
approach.

Overall deformation characteristics did not exhibit a clearly J-shaped 
nonlinearity in the pressure–deflection response of the ultrathin mem

Table 1 
Constitutive model corresponding to each PDMS membrane thickness and their fitted material parameters obtained from finite element analysis.

Thickness (μm) 10 40 100

Yeoh strain energy density function coefficients C10 (kPa) 733.4 372.2 224.2
C20 (kPa) 39.83 0.689 1.135
C30 (kPa) 100.5 152.1 149.6
D1 (kPa− 1

) 1.363×10− 6 2.686×10− 6 4.596×10− 6

Fig. 14. Finite element simulation results. (a) Variation of deflection at the 
membrane centers (wmax) with respect to applied pressure for membrane 
thicknesses of 10, 40, and 100 μm. (b-d) Deformed configurations at maximum 
deflection with z-directional displacement obtained for membrane thicknesses 
of (b) 10 μm, (c) 40 μm, and (d) 100 μm, respectively.
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brane [107], but rather showed a saturation behavior at higher pres
sures [108]. This saturation is likely due to the geometric constraints 
and boundary conditions imposed on the thin membrane, which limit 
further out-of-plane deformation at higher pressures. C10, which corre
sponds to the linear term in the Yeoh model and primarily governs the 
initial stiffness, has the most significant influence on the deformation 
behavior observed in this experiment [88], whereas C20 and C30, which 
account for higher-order nonlinearities, have comparatively smaller 
effects.

Using the identified hyperelastic material parameters for each 
membrane thickness and the given aperture radius, we further investi
gated the locations of maximum stress and the thinnest regions of the 
deformed membranes. The distribution of maximum principal stress for 
each thickness is shown in Fig. 15a, b, and c, respectively. To capture the 
stress evolution across different loading conditions, we performed sim
ulations over ranges of applied pressures for the membrane thicknesses 
of 10, 40, and 100 μm. The upper limit of the range is the pressure when 
the membrane rupture occurs for each thickness (see Section 3.4.4). The 
maximum principal stress profile at the apex location was calculated 
with respect to the applied pressure values for each membrane thickness 
(Fig. 15d). As expected, the maximum stress increased with increasing 
pressure and decreasing membrane thickness, which corresponded to a 
larger balloon size. The highest stress and thinnest region were observed 
near the top of the membrane after deformation. These results are 
consistent with our observations that ruptures frequently initiate at the 
inflated microballoon top, where the stress is highest and the membrane 
is thinnest (Fig. S7 is SI).

In addition, we investigated how the aperture radius affects the 
pressure required to reach the maximum attainable deflection for a 
given membrane thickness. Here, the maximum attainable deflection 
(dmax) is defined by the z-direction displacement when the maximum 
principal stress at the apex reaches the critical threshold value, which is 
the maximum stress as identified in Fig. 15d. In this context, we 
developed additional FE models with aperture radii of 0.5, 1, 1.5, and 
2 mm. As examples, two representative displacement contours are 
shown in Fig. 16a and b. The 2-mm aperture with a 100-μm thickness 
required ~22 kPa to achieve a 1-mm deflection, while the 0.5-mm 
aperture with a 10-μm thickness required ~145 kPa to reach a 0.5- 
mm deflection.

Each model was simulated under incremental pressure loading until 
the threshold stress, which defines the rupture limit for each membrane 
thickness, was reached. Meanwhile, both the maximum principal stress 
and membrane deflection (wmax) were recorded. The maximum prin
cipal stress increased steadily with pressure until reaching the threshold 
value. The corresponding dmax and required inflation pressure are 
exhibited in Figs. 16c and 16d. As expected, a larger aperture radius 
produces greater dmax under lower applied pressure, and a thinner 
membrane achieves larger dmax at a fixed aperture radius. These trends 
provide useful guidelines for selecting balloon size (wmax) and inflation 
pressure for our device. For example, to achieve a balloon size exceeding 
1 mm, an aperture radius of 2 mm was sufficient across all three thick
nesses. In contrast, smaller apertures required thinner membranes to 
reach comparable deflections. The aperture radius of 1.5 mm required 
either a thickness of 10 or 40 μm, and the aperture radius of 1 mm 
required 10 μm.

Collectively, our FE model may serve as a predictive tool for rational 
device design by estimating the maximum attainable microballoon sizes 
dmax, one of the most important design factors, and the required inflation 
pressure, as a function of membrane thickness and aperture radius. 
Moreover, the simulation results identify stress concentration regions 
and safe operational limits, which are essential for minimizing rupture 
risk and enhancing device reliability.

3.6. Mixing performance evaluation

We assessed the mixing performance of the proposed ultrathin PDMS 

Fig. 15. Maximum principal stress distributions obtained from finite element 
analysis for membrane thicknesses of (a) 10 μm, (b) 40 μm, and (c) 100 μm at 
the maximum applied pressure shown in Fig. 14. (d) The variation of maximum 
principal stress at the membrane apex as a function of applied pressure, up to 
the rupture point for each thickness.
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microballoon oscillator (Fig. 17a) using the mixing index (MI) as a 
quantitative measure. Experiments were conducted under the optimized 
operating conditions (Section 3.4): h = 40 μm, Vexc = 60 Vpp, and wmax 
= 0.80 mm.

Under these conditions, a 6-µL ink droplet was homogenized on a 
600-µL DI water within 32 s, reaching an MI of 0.82, which corresponds 
to 90 % of the steady-state MI value (Fig. 16b). This rapid homogeni
zation is particularly notable considering the 100-fold larger water 
volume relative to the ink volume. In contrast, the control experiment, 
where the balloon was inflated to the same size but left unactuated 
(Fig. 16c), reached only an MI of 0.54 over the same period.

These results highlight excellent mixing performance of our device, 
especially considering its relatively low active surface-to-volume ratio 
(Rsv = 5.24 m− 1) obtained using a single 2-mm-diameter microballoon 
to mix an ample 600-µL water volume. For comparison, prior work based 
on cavitation microstreaming achieved effective mixing by utilizing a 
much higher Rsv value of 137 m− 1 utilizing 35 air pockets of 0.5-mm 
diameter to mix only 50- µL liquid [109].

3.7. Cell lysis and DNA extraction

3.7.1. Experimental details
The cell lysis and DNA extraction protocol was adapted from our 

previous study [29], with modifications tailored to the present device 
configuration. Briefly, Mixture I (ethanol and magnetic beads) and 
Mixture II (a combination of cell suspension, lysis buffer, and Proteinase 
K) were sequentially loaded into a thoroughly cleaned cylindrical 
container (Fig. 2b). Mixture I and II were prepared off-chip in micro
centrifuge tubes (~3 s each) and promptly loaded into the device (~7 s). 
The container was then sealed with PCR tape to prevent evaporation or 
leakage during agitation.

Upon excitation at the predetermined resonance frequency 
(~6.1 kHz) using 60 Vpp, the PDMS microballoon at the container bot
tom generated strong out-of-plane, counter-rotating circulatory flows, 
effectively mixing the reagents within the chamber. DNA-bound silica- 
coated magnetic beads were subsequently collected into a compact 

cluster against the container wall using a neodymium magnet. Following 
bead collection, residual intracellular components (e.g., RNA, proteins, 
lipids) were removed via micropipette aspiration. Images for key steps in 
the workflow are exhibited in Fig. S10. Subsequent stages, including 
reagent loading, mixing, bead collection, waste removal, and DNA 
elution, followed a similar procedure as described in Section 2.9.

Minimizing assay time is essential for high-throughput applications. 
Through brief experimental optimization, the following durations were 
selected: 5 min for cell lysis, 1.5 min for washing, and 10 min for DNA 
elution. The total assay time from Mixture I loading to DNA elution was 
18 min. This represents a more than threefold improvement in 
throughput compared to the commercial MagaZorb DNA Mini-Prep Kit, 
which requires 60 min per the manufacturer’s protocol [110]. More
over, our method outperformed previously reported microfluidic sys
tems for chemical lysis and DNA extraction in terms of assay throughput, 
including our own earlier work (typically 20–25 min [29,111]). Addi
tional reductions in assay time may be achievable by further optimizing 
the mixing durations at each step.

3.7.2. DNA-extraction performance analysis
The performance of the microballoon oscillator for cell lysis and DNA 

extraction was evaluated using the K562 cell. K562, a human chronic 
myeloid leukemia cell line, is widely used in biomedical research for 
investigating fundamental biological processes and serves as a model 
system for cancer studies [112]. This cell line has been also employed in 
large-scale CRISPR/Cas9 gene-targeting screens [112] and in-vitro 
target screening for cancer drugs via flow cytometry [113].

The DNA concentration extracted using our device was 12.8 
± 0.21 ng/µL (n = 5, injected cells = 1.26 × 10⁵), and that obtained 
with a commercial kit (MagaZorb DNA Mini-Prep Kit) was 13.6 
± 0.17 ng/µL (n = 5). The DNA purity (A260/A280) was 1.96 ± 0.06 
for our device and 1.98 ± 0.21 for the commercial kit (Table 2), both 
within the acceptable range (1.7–2.0). On average, our device achieved 
94.1 % of the DNA yield compared to the commercial kit, while main
taining high purity suitable for downstream applications. The DNA yield 
is superior to our previous DNA extraction device based on cavitation 

Fig. 16. Finite element analysis results showing the influence of the aperture radius and membrane thickness on the pressure required to reach the maximum 
attainable deflection (dₘₐₓ) of inflated membranes. The dₘₐₓ values were predicted at the threshold principal stress (obtained from Fig. 15d) as a function of aperture 
radius (0.5, 1, 1.5, and 2 mm) and membrane thickness (10, 40, and 100 μm). Two representative displacement contours show that (a) for an aperture radius of 2 mm 
and a membrane thickness of 100 μm, a pressure of ~22 kPa was required to reach a 1-mm deflection, and (b) for an aperture radius of 0.5 mm and a membrane 
thickness of 10 μm, ~145 kPa was required to achieve a 0.5-mm deflection. (c) Maximum attainable deflection dmax as a function of aperture radius for each 
membrane thickness and (d) corresponding inflation pressure required to achieve the dmax values.
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microstreaming (84.9 %) [29]. These results indicate that the perfor
mance of our device is comparable to that of the commercial kit in terms 
of DNA quantity and quality.

A control experiment was conducted under identical conditions but 
using an uninflated PDMS membrane. The DNA yield dropped signifi
cantly to 8.85 ± 0.11 ng/µL (n = 5), corresponding to only 69.1 % of 
the yield achieved with the inflated microballoon, confirming the crit
ical contribution of acoustic streaming using an inflated membrane to 
the lysis and extraction process (see Section 3.4.4).

While the results are promising as a proof-of-concept, the DNA yield 
was slightly below that of the commercial kit. This discrepancy may be 

attributed to suboptimal assay protocols or device design. The primary 
aim of this study was to demonstrate the feasibility of employing an 
ultrathin PDMS microballoon for acoustic-streaming-assisted cell lysis 
and DNA extraction, rather than to achieve fully optimized performance. 
One design-related factor is the relatively low active surface-to-volume 
ratio (Rsv = 31.4 m− 1), as only a single 2-mm-diameter microballoon 
was used to agitate a 100-µL solution. In our previous work, DNA 
extraction efficiency reached 84.9 % of commercial kits when Rsv value 
was 17 m− 1 [29]. These findings suggest that performance could be 
further enhanced by using a larger balloon diameter (as long as it can fit 
within the container) or an array of multiple balloons (e.g., 3 × 3 or 4 ×
4), thereby increasing Rsv and enhancing mixing efficiency.

3.7.3. PCR and gel electrophoresis results
The DNA extraction performance was further assessed through PCR 

amplification and gel electrophoresis. For comparison, genomic DNAs 
from K562 cells extracted using our device and a commercial kit were 
amplified for the von Willebrand factor (vWF) gene and analyzed via 
agarose gel electrophoresis. The results are exhibited in Fig. 18, along 
with a negative control (DI water, lane 4).

A distinct band at 116 base pairs (bp) in lane 3 confirms that DNA 
extracted using our device has sufficient quality for downstream appli
cations. A positive-control experiment using DNA extracted with the 
commercial kit produced a comparable gel electrophoresis result (lane 
2), validating the reliability and effectiveness of our microballoon-based 
DNA extraction method. The absence of a band in the negative control 
verifies the lack of contamination or false-positive amplification.

These results demonstrate that our prototype can deliver comparable 
performance to standard commercial kits, while eliminating the need for 
a bulky vortex mixer and achieving threefold improvement in assay 
throughput. Given the compact form factor and reduced processing 

Fig. 17. Mixing performance of the ultrathin PDMS microballoon oscillator. (a) 
Mixing of a 6-μl ink droplet in a 600-μl DI water represented by the mixing 
index (MI) over time. With acoustic agitation, mixing was completed within 
32 s (MI = 0.82), and (b) without agitation, mixing remained incomplete at the 
same time point (MI = 0.54). The red dotted boxes indicate regions of interests 
(ROI) used for MI calculation.

Table 2 
DNA extraction performance of the PDMS microballoon oscillator compared to a 
commercial kit.

Method DNA 
concentration 
(ng/µl)

Purity 
(A260/A280)

Chip-to-kit 
concentration ratio

Microballoon 
oscillator

12.8 ± 0.21a 1.96 ± 0.06 0.941

MagaZorb DNA Mini- 
prep kit

13.6 ± 0.17 1.98 ± 0.21

a adjusted by a factor of 0.5 for reduced elution volume (100 µL vs. 200 µL for 
the commercial kit).

Fig. 18. Gel electrophoresis results for PCR-amplified von Willebrand factor 
(vWF) gene (116 bp) in genomic DNA extracted from K562 cells (~1.26 × 10⁵). 
DNA was extracted using the MagaZorb DNA Mini-Prep kit (positive control, 
lane 2) and our microballoon oscillator (lane 3). A negative control using DI 
water was included (lane 4). Distinct bands at 116-bp in lanes 2 and 3 confirm 
successful amplification. The absence of a band in lane 4 indicates the no 
contamination or false positives.
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time, and ease of integration, we envision this platform as a promising 
candidate for portable, point-of-care nucleic acid analysis applications.

4. Conclusions

Microscale mixing is a fundamental aspect of microfluidic research 
due to its ubiquitous role in a wide range of applications. Among the 
explored strategies, acoustofluidic mixing offers controllable, effective 
mixing and straightforward integration into microfluidic platforms. In 
particular, cavitation microstreaming has garnered significant interest 
due to its exceptionally rapid mixing. However, its practical imple
mentation is limited by the inherent instability of oscillating bubbles 
under acoustic excitation and their poor shelf-life during storage and 
transport.

In this work, we introduced a novel device architecture, an oscil
lating ultrathin PDMS microballoon, as a robust alternative. Our 
approach was inspired by the hypothesis that an oscillating ultrathin 
PDMS membrane could generate strong acoustic streaming while of
fering significantly improved operational lifetimes.

A solvent-free spin-coating process was developed to fabricate sub
micron PDMS membranes (860 nm) by optimizing only spin speed and 
duration. The membrane was then transferred permanently to a 3D- 
printed oscillator body to complete fabrication. The device was 
comprehensively characterized including the pressure-inflation charac
teristics and deflation behavior to evaluate performance and device 
lifetime, a critical factor for practical application. Operating parameters 
including membrane thickness, excitation voltage, and balloon size were 
optimized based on flow speed, streaming range, and device reliability. 
Notably, streaming remained effective for over 6 h even with a sub
stantial balloon deflation. Furthermore, our finite element method based 
on the Yeoh hyperelastic model accurately predicted balloon size and 
identified stress concentrations, providing valuable design guidelines 
and safe operating limits.

Using this configuration, we demonstrated rapid mixing of a 6-µL ink 
droplet in a 100-fold larger volume of DI water within 32 s. Functional 
applicability was also evaluated via DNA extraction, yielding a con
centration of 12.8 ng/µL and a purity of 1.96, comparable to those ob
tained using a commercial kit without extensive assay optimization. PCR 
and gel electrophoresis also validated the quality and downstream 
compatibility of the extracted DNA. Furthermore, the total assay time 
was only 18 min, a more than threefold improvement from a gold- 
standard commercial protocol. Due to its compact form factor and 
reduced assay time, our microballoon-based DNA extractor is well- 
suited for integration into portable, point-of-care molecular diagnostic 
platforms.

By overcoming the robustness limitation of cavitation micro
streaming while achieving strong mixing, our ultrathin PDMS micro
balloon oscillator will offer a promising platform for integration into 
microfluidic systems requiring effective and robust mixing. Ongoing 
efforts focus on extending device lifetime using air-permeation barrier 
coatings (e.g., parylene C, Teflon) or surface modification (e.g., O2 
plasma treatment [95]), and enhancing mixing performance by inte
grating multiple oscillators in array formats. In addition, we will pursue 
theoretical investigations into microballoon-induced streaming to 
advance the fundamental understanding of the acoustic streaming 
mechanism and a structural modal analysis of the fully assembled de
vice, aiming to maximize acoustic energy transfer and improve overall 
streaming performance.
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