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surface-to-volume ratio (Beebe et al. 2002; Ebadi et al. 
2019). However, in microfluidic devices, where laminar 
flow is dominant, the mixing of fluids is primarily driven 
by diffusion, which is a slow process resulting in inefficient 
mixing. This limitation can be understood by examining 

1  Introduction

Microfluidic devices find applications in various fields, 
including biomedicine and chemistry, owing to their 
small dimensions, reduced reagent consumption, and high 
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Abstract
We describe an approach to enhancing microfluidic mixing by generating acoustic microstreaming flows around micro-
posts in a microfluidic device. Specifically, we synthesize microposts with various cross-sectional shapes (i.e., circles, 
triangles, and stars) using photocrosslinkable polymers, allowing for precise control over their geometry. We also ensure 
unobstructed micropost vibration via carefully designed gaps between the microposts and the channel ceiling. Experimental 
findings reveal that the shape of microposts is critical in influencing microstreaming patterns and mixing efficiency. Circu-
lar microposts generate semi-symmetrical circular vortices, resulting in superior mixing performance (86.7%). In contrast, 
star-shaped microposts, despite having sharper edges and forming pairs of microvortices around their vertices, produce the 
lowest mixing performance (56.5%). This trend correlates with the microposts’ moment of inertia (MOI); circular posts 
exhibit the lowest MOI and thus oscillate more readily, whereas star-shaped posts are geometrically more resistant to 
bending, limiting vibration amplitude and reducing streaming strength. Further characterization of the microstreaming flow 
patterns in a static aqueous solution reveals that the lower mixing performance of star-shaped micropillars is likely due to 
the impact of the spacing between the microposts and the emergence of counter-rotating pairs of microvortices, leading 
to destructive interference. Triangular microposts exhibit moderate mixing performance, generating a pair of opposing 
vortices around each vertex. Increasing the actuation voltage and reducing the flow rates further improves mixing across 
all micropost shapes. These findings highlight the significance of micropost design and arrangement in enhancing the 
performance of microfluidic acoustic mixers.
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two key non-dimensional numbers: the Reynolds number, 

Re, and the Peclet number, Pe = UL
D  (Stroock et al. 2002). 

The Reynolds number, which compares inertial to viscous 
forces, is typically near or below unity in microfluidics, 
reflecting laminar flows that have negligible inertial effects. 
The Peclet number, which compares convective to diffusive 
transport, is generally high, indicating that diffusion across 
streamlines is limited. Due to the low Reynolds number and 
high Peclet number associated with microfluidic flows, mix-
ing of different solutions in microfluidics tends to be slow. 
As a result of this challenge, microfluidic micromixers have 
often been proposed, which increase the interfacial area 
between fluid streams using active or passive perturbation 
strategies to enhance mixing.

There are two main approaches to achieving improved 
mixing in microfluidic devices. The first approach is active 
mixing, where an external field or force is applied to aug-
ment the interfacial area between the fluid streams. The sec-
ond approach is passive mixing, which involves designing 
the channel with obstacles or specific geometries that folds 
or convolutes the fluid streams, effectively increasing the 
diffusion area between the streams (Beebe et al. 2002; Lee 
et al. 2011; Li et al. 2022). Active methods, such as those 
utilizing magnetic (Hejazian et al. 2017), acoustic (Chen et 
al. 2022; Lu et al. 2018), and electric (Salari and Dalton 
2019; Wu et al. 2022; Yang et al. 2021) principles, induce 
strong chaotic flows within the microfluidic system. Acous-
tic micromixers, in particular, are recognized for being con-
tact-free, non-invasive, tunable, cost-effective, and highly 
precise (Chen et al. 2022).

A time-averaged acoustic microstreaming flow (which 
usually forms circular microvortices) is due to a non-linear 
effect resulting from harmonic oscillations in the coupling 
between a solid structure and the surrounding fluid dynam-
ics (Nama et al. 2016). Most acoustic micromixers utilize 
embedded microstructures—such as sharp edges or trapped 
microbubbles—within the microfluidic channel to induce 
acoustic streaming under ultrasound excitation (Cha et al. 
2023; Chen et al. 2022; Li et al. 2022). Alternatively, acous-
tic micromixers can be classified by the type of acoustic 
wave employed: bulk acoustic waves (BAW) or surface 
acoustic waves (SAW).

In BAW-based micromixers, pressure waves propagate 
through the bulk of the fluid or the channel wall, often form-
ing standing wave fields that enable efficient particle manip-
ulation and mixing. BAW-based configurations can employ 
either bulk piezoelectric actuators or thin-film piezoelectric 
layers (e.g., AlN, ZnO) integrated onto substrates, allowing 
compatibility with compact or CMOS-based microfluidic 
platforms (Nair et al. 2022; Zaheri-Ghannad et al. 2024). On 
the other hand, SAW-based micromixers use interdigitated 

transducers (IDTs) patterned on piezoelectric substrates 
such as lithium niobate (LiNbO3) or lithium tantalate 
(LiTaO3) to generate surface acoustic waves along the sub-
strate surface. The resulting surface waves induce strong, 
localized streaming in adjacent fluid regions, offering pre-
cise control over targeted areas within the microchannel. 
SAW devices can incorporate single or paired IDTs in paral-
lel, focused, or slanted arrangements to tailor flow profiles 
and enhance mixing performance (Ahmed 2019;  Luong 
2010; Zhang et al. 2019). Although SAW-based systems 
often achieve higher mixing efficiency compared to pillar- 
or bubble-based mixers, cleanroom fabrication and precise 
alignment of costly IDTs are typically required, which lim-
its accessibility (Ma et al. 2016; Zhou et al. 2016). Increased 
energy input may also lead to substrate and fluid heating, 
potentially compromising temperature-sensitive biological 
applications. Mixing performance in both BAW and SAW 
systems is strongly influenced by actuation voltage, fre-
quency, and flow rate (Lim et al. 2019).

In acoustic micromixers with sharp edges, an array of 
sharp-edge microstructures is typically fabricated along the 
channel walls. It has been shown that increasing the num-
ber of sharp edges enhances the number of mixing sites, 
improving mixing efficiency (Zhao et al. 2021). Addition-
ally, a sharper tip (smaller angle) of the sharp edge structure 
results in larger vibrational displacements at the tip, con-
sequently generating stronger microstreaming, leading to 
more efficient mixing (Tian et al. 2018). Sharp edges with 
greater heights produce larger vibration displacements, fur-
ther facilitating mixing (Zhao et al. 2021). Transducer char-
acteristics, actuation parameters, and the rate and properties 
of the externally supplied flows are also among the factors 
that can potentially influence overall mixing performance. 
For instance, higher actuation voltages can produce larger 
oscillations and stronger microstreaming flows, thereby 
enhancing mixing efficiency (Huang et al. 2013; Tian et al. 
2018). Additionally, the ratio between the rate of externally 
supplied flows and the microstreaming flow can influence 
mixing efficiency. A lower ratio enhances mixing efficiency 
by increasing fluid residence time in the mixing region, 
although it may reduce device throughput (Tian et al. 2018).

In bubble-based acoustic micromixers, once bubbles are 
formed in the device, transducer-driven actuation induces 
a circulating flow (comprising microvortices) around the 
gas-liquid interface of the bubble, a phenomenon known as 
cavitation microstreaming (Ahmed et al. 2009, 2016; Orbay 
et al. 2017; Xie et al. 2016). This disrupts the interface of 
the flows, facilitating mixing. Notably, slanted sharp edges 
with empty volumes in between have been utilized to form 
bubbles, leveraging the combined effects of both bubbles 
and sharp edges to enhance mixing. The synergistic effect of 
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both has proven more effective than employing each sepa-
rately (Rasouli and Tabrizian 2019).

Aside from the more conventional acoustic micromixing 
techniques discussed above, other approaches have also been 
explored to improve acoustic mixing performance in micro-
fluidics. One study, for instance, utilizes photocrosslinkable 
polymers to create artificial cilia inside a microfluidic chan-
nel. These cilia possess a fixed attachment at one end while 
remaining free at the other, and the acoustically-induced 
oscillation of the cilia enhances fluid mixing (Orbay et al. 
2018). Another study highlighting recent advancements in 
acoustofluidic Manipulation demonstrates the potential of 
3D microstructures to influence microstreaming in micro-
fluidic systems, offering flexibility for various applications 
(Harley et al. 2024). The authors use the two-photon polym-
erization technique to fabricate microposts and to char-
acterize a design parameter, namely the tip angle, on the 
microstreaming around isolated microposts with star and 
circular cross-sections. (Harley et al. 2024).

Despite these promising results, several key questions 
remain unanswered. Specifically there is a limited under-
standing of how the geometry of 3D microstructures in an 
acoustic field influences microstreaming patterns. Addi-
tionally, it remains unclear whether an array of single or 
multiple rows of closely packed structures can enhance the 
overall net flow in a manner different from that of individual 
structures—an effect that could significantly influence mix-
ing efficiency.

Our work addresses these gaps by systematically study-
ing these effects in an array of 3D microposts. Specifically, 
our study investigates the influence of micropost shape 
(circle, triangle, and star) and the interaction between 
neighbouring microposts on the resulting microstreaming 
patterns. This array-based approach allows us to explore 
how neighbouring microposts influence microstreaming 
patterns, an important aspect overlooked in earlier research. 
Additionally, while a previous study (Harley et al. 2024) pri-
marily concentrates on microstreaming patterns, our study 
applies these fundamentals to a practical application—using 
microstreaming around 3D microposts to manipulate fluid 
for enhanced mixing efficiency. We also explore how vary-
ing flow parameters and actuation voltages influence mixing 
performance by enhancing microstreaming effects. Further-
more, we introduce an approach for synthesizing microposts 
with photocrosslinkable polymers within microchannels for 
acoustic micromixing applications. This approach offers 
significant flexibility, allowing researchers to tailor the 
shape, size, and material properties of the microposts to suit 
specific needs.

The developed device is designed to operate effectively 
in microchannels with high aspect ratios (i.e., large width-
to-height ratios), which are beneficial for enhancing particle 

manipulation and mixing. Such channels increase the sur-
face-to-volume ratio, promoting improved mass transfer 
and faster reaction kinetics—factors essential for efficient 
biochemical processes. Mixing performance in this system 
is influenced not only by actuation voltage and flow rate but 
also by the geometry of internal features such as microposts. 
By systematically varying micropost shapes, our study aims 
to reveal how structural design affects microstreaming 
behavior and overall mixing efficiency, providing insight 
into the development of more effective acoustofluidic mix-
ing strategies.

2  Methods and materials

A.	 Microfluidic device fabrication

As illustrated in Fig.  1  (Steps 1–3) a Y-shaped microflu-
idic Channel was designed and fabricated with two inlets 
and one outlet. Each side Channel has a width of 500 µ m, 
while the main channel is 400 µm in width. The height of 
the entire Y-shape channel is 60 µm. The channel was fab-
ricated using the standard photolithography and soft lithog-
raphy methods (Xia et al. 1998).    

In Step 1, a silicon wafer was first coated with SU8 pho-
toresist, exposed to UV light through a photomask, and 
developed to form a mold for casting polydimethylsilox-
ane (PDMS) replicas of the microfluidic channel. In Step 2, 
PDMS was prepared by mixing Sylgard 184 base and cur-
ing agent (Dow Corning, USA) in a 10:1 ratio, degassed, 
poured over the mold, and cured at 70 °C for 1 h. The cured 
PDMS was peeled off the mold and uniformly cut for vari-
ous microfluidic devices (Salari et al. 2021; Xia and White-
sides 1998). Inlets and the outlet for the microfluidic device 
were created using a 1-mm biopsy punch (Integra Miltex 
USA). In Step 3, the PDMS device is bonded to a cover 
glass with a length of 50 mm and a width of 22 mm (No. 
00, Agar Scientific, UK). Both surfaces were activated using 
air plasma (PDC32G, Harrick Plasma, USA) for ~ 30 s and 
immediately pressed together to form an irreversible seal. 
The PDMS channel was positioned parallel to the length of 
the cover glass, with the channel centerline approximately 
3 mm from the edge. An acoustic transducer (7BB-27-4L0, 
Mouser Electronics, USA) with dimensions of 27  mm × 
0.54 mm and a resonance frequency of 4.6 kHz, was then 
attached beside the microfluidic device. Approximately half 
of the transducer’s bottom surface was bonded to the top 
surface of the cover glass using liquid PDMS and cured at 
70 °C for 20 min (Salari et al. 2020, 2021).

B.	 Micropost synthesis
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diffusion, increasing both the outer soft layer and the overall 
diameter of microposts.

Finally, in Step 6, the channel was thoroughly flushed 
with a mixture of ethanol and DI water to remove any unre-
acted prepolymer and residual contaminants (Yuk et al. 
2016). Each device contained microposts with a uniform 
height of approximately 56 µm and equal cross-sectional 
areas, with shapes including circles, triangles, and stars. 
High magnification scanning electron microscopy (SEM) 
was performed to evaluate the quality of the fabricated 
microposts. Representative top- and tilted-view images of 
circular microposts are provided in Supplementary Figure 
S1. While most microposts exhibited smooth profiles con-
sistent with the photomask design, occasional fabrication-
related imperfections such as edge irregularities, surface 
debris, or partial polymer residues were observed. These 
features appeared infrequently and are likely attributed to 
inherent limitations in the photopolymerization and devel-
opment processes. Microposts were arranged in one, two, or 
three rows, symmetrically aligned along the channel width. 
The center-to-center distance between microposts along the 
channel length was 230 µm for devices with one or two 
rows, and 115 µm for devices with three rows. Across 
the channel width, this distance was 230 µm for two-row 
devices and 115 µm for three-row devices.

For our acoustofluidic experiments, we designed and 
fabricated microposts with three distinct cross-sectional 
shapes—circular, triangular, and star-shaped. The circular 
microposts were designed with a 60  μm diameter, while 
the triangular and star-shaped microposts were designed 
to have the same volume, approximately 169,000 µm3 
across all shapes, ensuring that any observed differences in 
microstreaming arise from shape alone rather than varia-
tions in other micropost properties.

As illustrated in Steps 4–6 of Fig. 1, microposts were fab-
ricated directly within the microfluidic channel using stop-
flow lithography (Li 2015; Li et al. 2017; Moon et al. 2015). 
Prior to polymerization, the channel was treated in a plasma 
etcher at 30 W for 5  min. This was followed by surface 
modification, where a 2 wt% silane coupling solution—
3-(Trimethoxysilyl)propyl methacrylate (Sigma Aldrich, 
USA) mixed with deionized (DI) water—was injected into 
the channel. The device was then incubated at room tem-
perature for 2 hours to facilitate surface functionalization.

In Step 4, the channel was filled with a photocurable pre-
polymer solution consisting of 90 % polyethylene glycol 
diacrylate (PEGDA250) and 10% photoinitiator (2-hydroxy-
2-methylpropiophenone), both from Sigma Aldrich, USA. 
In Step 5, the device was exposed to UV light at an intensity 
of approximately 11 W

cm2  through a high-resolution photo-
mask using an inverted microscope (Zeiss, Germany). The 
photomask (printed at 25,400 dpi, with a minimum feature 
size ~ 8 μm) was aligned such that only a ~ 290 μm × 290 μm 
area—corresponding to a single 3 × 3 micropost array—was 
illuminated at a time through the 20× objective lens. Proper 
alignment during photopolymerization was identified as a 
critical Step to achieve an array of symmetric microposts 
aligned to the channel. UV exposure induced the polym-
erization and curing of the prepolymer solution, resulting 
in solidified microposts with dimensions specified by the 
photomask.

Exposure was carried out sequentially along the length of 
the microchannel, with the exposure time optimized to 150 
ms to ensure accurate and consistent micropost polymer-
ization. Shorter exposure times resulted in underdeveloped 
structures with diameters below 60  μm, whereas longer 
exposures led to overgrowth due to excessive free radical 

Fig. 1  Schematic illustration of the device fabrication and in situ micropost synthesis. Steps 1–3: Fabrication of the microfluidic channel by pho-
tolithography and softLithography. Steps 4 –6: Stop-flow lithography for micropost fabrication inside the channel
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strength of the microstreaming (i.e., the streaming veloc-
ity) decreased with lower voltages; however, the pattern of 
the microstreaming flow remained consistent. These results 
suggest that the observed microstreaming behavior is pri-
marily driven by acoustic actuation rather than thermally 
induced effects. A representative microstreaming pattern 
around an oscillating circular micropost at low actuation 
voltage (31 Vpp) is shown in Supplementary Figure S4.

To prevent the introduction of bubbles into the chan-
nel, each PDMS device was treated with plasma (Harrick 
Plasma, USA) etcher for approximately 5 min at the begin-
ning of the experiment, rendering it hydrophilic. Follow-
ing plasma activation, deionized water was immediately 
introduced and continuously flowed through the channel 
to maintain wettability and minimize air bubble formation. 
Most experiments were completed on the same day. While 
some devices were reused for up to five experiments, no 
visible signs of degradation or significant changes in mixing 
performance were observed within this usage range. How-
ever, the long-term limit of device reuse was not systemati-
cally evaluated and may depend on factors such as storage 
conditions and experimental duration, and PZT degradation. 
Liquid injection into each of the two inlets was carried out 
using a syringe pump (Harvard Apparatus, USA) at a flow 
rate ranging from 5.0 to 16.7 µl/min, resulting in a total flow 
rate in the main channel ranging from 10.0 to 33.4 µl/min. 
Silicone tubes (Saint-Gobain, USA) were used to deliver the 
liquids to the inlets and remove the waste from the outlet 
(Figure S5).

In the microstreaming flow visualization experiments, 
polystyrene beads (1  μm, Polysciences, USA) served as 
tracers and were mixed with DI water and injected into both 
inlets. In mixing experiments, DI water spiked with blue 
dye was introduced through one inlet, while pure DI water 
was injected through the other inlet.

D.	 Data collection and analysis

In each experiment, two 16.8-second videos were recorded 
at a frame rate of 24 frames per second from regions near the 
entrance and exit of the main channel. Each video was suffi-
ciently long to capture the fluid flow before, during, and after 
each acoustic pulse. Snapshot images were extracted from 
the videos for analysis. Each measurement corresponds to a 
separate acoustic pulse performed on the same device under 
identical conditions, with sufficient delay between pulses to 
avoid carryover effects. Although the measurements were 
conducted on the same device, they were performed inde-
pendently and treated as separate experiments.

For flow visualization, tracer beads were tracked in 
the extracted video frames using the TrackMate plugin in 
ImageJ (Ershov et al. 2022). For mixing experiments, a 

C.	 Device operation

The completed acoustofluidic device was placed on the 
stage of an inverted microscope (Zeiss – Axio Observer D1, 
Germany) with the two widths of the cover glass secured on 
the stage. The microscope was equipped with a high-speed 
camera (Phantom Miro, Vision Research, USA). To excite 
the transducer, rectangular-shaped waves were created using 
a function generator (Agilent 33521A, USA) and amplified 
using a radio frequency power amplifier (Model: 2100 L, 
T&C Power Conversion, USA) with a fixed gain of 55 dB. 
During experiments, the device was actuated with a peak-
to-peak voltage ranging from 0 V to 130 V at a fixed fre-
quency of 98 kHz. The applied voltage was measured using 
a high-voltage oscilloscope probe (P6015A, Tektronix, 
USA) connected to a digital oscilloscope (TDS 2012B, Tek-
tronix, USA). Rectangular waveform signals were chosen 
over sinusoidal ones because they produced stronger mixing 
performance under our specific experimental setup, where 
the transducer is bonded to the glass substrate beneath the 
microfluidic channel. This enhanced mixing was confirmed 
experimentally by comparing both waveforms at identical 
frequencies and voltages, as presented in Supplementary 
Figure S2. The effectiveness of step-function signals has 
also been supported in previous acoustofluidic studies, fur-
ther validating our waveform selection (Lu et al. 2024).

To determine enhanced performance of microfluidic 
acoustic mixers operating 98  kHz, we performed a fre-
quency sweep and found that microstreaming occurred only 
at specific resonance frequencies of the coupled system, 
rather than at the transducer’s inherent resonance (4.6 kHz). 
Operating at 4.6 kHz resulted in large substrate oscillations 
and imaging instability. In contrast, 98  kHz consistently 
produced strong and stable microstreaming without sub-
strate damage. Mixing performance measured at 33  kHz, 
50 kHz, and 98 kHz further validated enhanced performance 
at 98 kHz, yielding the highest efficiency. Microstreaming 
videos and the corresponding mixing performance plot are 
provided in the supplementary material (Figure S3, Video 
S1 – S3).

To reduce the heating caused by high actuation volt-
ages, we used pulsed acoustic actuation with a repetition 
period of 60 s— consisting of 3 s of “on” time followed by 
57 s of “off” time. This approach, implemented through the 
burst mode on the function generator, helped mitigate heat-
ing effects induced by continuous high-voltage excitation. 
Thermal measurements using an infrared (IR) thermometer 
showed that under 118 Vpp actuation, the temperature of 
the PZT rose from ~ 26 °C (baseline) to ~ 38 °C during the 
3-second pulse and subsequently decreased to ~ 30 °C dur-
ing the 57-second rest period. Furthermore, we conducted 
experiments at lower actuation voltage. As expected, the 
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the microposts, enabling the mixing of the two fluids in 
the main channel. Figure 2c further illustrates this process 
through three sections of the device: (i) near the inlets, where 
the fluids remain mostly unmixed across the channel width; 
(ii) in the main channel, where rotational flows, indicated by 
counterclockwise arrows, are generated around the micro-
posts due to the acoustic vibrations. This microstreaming 
flow disrupts the interface between the two fluid streams, 
enhancing mixing across the width and along the length of 
the microfluidic channel. However, mixing across the width 
is of particular importance in our setup, as it introduces a 
short-range advective flow in an otherwise diffusion-limited 
direction. Section (iii) shows the region near the outlet of the 
channel, where complete mixing potentially occurs because 
of sufficiently strong acoustic microstreaming effects.

B.	 Characterizing the acoustic mixer

In our acoustofluidic device, fluid mixing is governed by 
the interaction between externally supplied laminar flows 
and acoustically induced microstreaming. When the trans-
ducer is off, only passive mixing via diffusion occurs across 
the interface of the two co-flowing streams. Once the trans-
ducer is actuated, micropost oscillations generate localized 
microvortices. Depending on the strength of these vorti-
ces relative to the external flow, the induced microstream-
ing flow can induce transverse advection and significantly 
enhance mixing performance.

To optimize mixing, we test devices with one, two, and 
three rows of microposts patterned across the channel width. 
Experiments using a single row of circular microposts along 
the centerline (results not shown) produce weak microvor-
tices that are insufficient to achieve complete mixing within 
the desired flow rate range. Designs with two rows of micro-
posts yield stronger mixing but fail to achieve a fully mixed 
regime. Here, the microvortices occur away from the inter-
face of the two flows, essentially mixing fluids within the 
two flows separately with insufficient mixing occurring near 
the interface (see Video S4 and Fig. 3a, top).

Our finalized design features three rows of microposts 
patterned symmetrically across the width of the main chan-
nel. In this design, in addition to the two rows within each 
flow region, there is a third row positioned approximately 
along the centerline of the main channel, where the inter-
face of the two flows aligns. The resultant microstreaming 
flow of this design disrupts the interface and induces mixing 
within both streams (see Video S5). When the microstream-
ing strength exceeds that of the external flow, the interface 
between the two fluids becomes highly disrupted at the exit 
of the main channel, resulting in a nearly uniform color dis-
tribution across the width of the channel (Fig. 3a, “PZT on”, 
bottom). To further characterize the fluid dynamics in our 

custom R script was used to automatically calculate the 
standard deviations of pixel intensities along a line across to 
the channel width in each frame. The R script (Supplemen-
tary File 1) was used to quantify mixing performance using 
the expression, φ = 1 − σ

σ0
, where σ0 and σ are the stan-

dard deviation values associated with the entrance and exit 
of the main channel, respectively (Cai et al. 2017; Juraeva 
and Kang 2023; Li et al. 2022; Lu et al. 2024, 2023; Pothuri 
et al. 2019; Raza et al. 2020; Tsai and Wu 2011; Wang et al. 
2021). MATLAB (MathWorks, USA) was used to curve-fit 
the mixing experimental data, as it provides a robust and 
flexible environment for implementing custom nonlinear 
models with multiple fitting parameters. The optimization 
and curve fitting toolboxes allowed precise definition of 
model equations and efficient multi-parameter fitting with 
control over convergence criteria and error analysis.

3  Results and discussion

A.	 Acoustic micromixer overview

As described earlier, we fabricate a Y-shaped microfluidic 
device using standard photolithography followed by soft-
lithography, with microposts synthesized via the stop-flow 
lithography method (Fig. 1). We utilize stop-flow lithogra-
phy because this method enables the base of each micropost 
to bond to the cover glass while the top remains free, due 
to oxygen inhibition of polymerization caused by diffusion 
through the porous PDMS (Fig. 1, Steps 4–6) (Debroy et al. 
2018). As a result, the microposts function as cantilevers, 
allowing the top end to vibrate more freely (Fig.2a), unlike 
conventional microposts in microfluidic channels that are 
fixed at both ends (Kim et al. 2018; Park et al. 2014; Pawi-
nanto et al. 2020). Also, this fabrication method produces 
microposts with a cylindrical geometry, as seen in the tilted-
view, high-magnification SEM image (Fig.2a, z-y plane; 
Figure S1.c) (Hakimi et al. 2014).

After attaching the acoustic transducer and assembling 
the acoustofluidic device on the microscope stage, we 
continuously load the device with a dyed and a non-dyed 
aqueous solution through the two inlets, respectively (Fig-
ure S5 and Fig. 2b). Videos are recorded near the entrance 
and exit of the main channel, as shown in schematics in 
Fig. 2c(i) and 2c(iii), respectively.

Without the actuation of the transducer, fluid mixing in 
the main channel primarily occurs through diffusion. Upon 
transducer actuation, vibrations propagate through the cover 
glass to the PDMS channel, where they impact all objects, 
including the microposts. These vibrations lead to the for-
mation of microstreaming flows, or microvortices, around 
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three-row configuration was selected for all subsequent 
mixing experiments.

We investigate the mixing result from various actuation 
conditions. We quantify the degree of mixing by calculating 
the mixing performance, φ, using the standard deviations 
of pixel intensities along a line across to the channel width 
(Figure S6). Initially, φ is assessed with the transducer off, 
allowing us to measure the baseline effect of passive dif-
fusion on φ. In our three-row micropost configuration, the 

device, we calculate the Reynolds and Peclet numbers under 
experimental flow conditions (see Supplementary Note 1). 
The Reynolds number, Re ≈ 1, confirms laminar flow with 
comparable inertial and viscous forces. The Peclet number, 
Pe ≈ 10⁴, indicates a convection-dominated regime where 
diffusion alone is insufficient for efficient mixing. These 
values align with theoretical predictions for microfluidic 
systems and support the use of acoustically induced stream-
ing flows to enhance transverse transport. Accordingly, the 

Fig. 2  Schematic diagrams illustrating the micropost geometry, device 
setup, and flow conditions. (a) Side-view of a single polymer micropost 
with a cylindrical shape (x–z plane), showing the small gap between 
the micropost’s top and the channel ceiling that allows free vibration. 
The red dashed line indicates the cross-sectional shape of the micro-
post, exemplified here for three designs (circular, triangular, star). 
Arrows depict a micropost’s deflection under acoustic excitation (left) 
and the expected microstreaming flow pattern (right). (b) Schematic 
of the acoustofluidic platform, featuring a Y-shaped PDMS micro-

channel (with two inlets merging into one outlet) bonded to a piezo-
electric transducer. (c) Cross-sectional illustrations of the channel at 
three locations corresponding to panel (b): (i) near the channel inlets, 
showing two unmixed streams (red and blue) flowing in parallel; (ii) 
mid-channel (top view) with three rows of microposts, where acous-
tic microstreaming (curved arrows around each micropost) induces 
mixing between the streams; (iii) near the channel outlet, displaying a 
single fully mixed stream (purple) after effective microstreaming. All 
schematics are not to scale
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C.	 Actuation voltage and flow rate: Investigating key 
factors affecting mixing performance

In our acoustofluidic device, a higher actuation voltage 
results in stronger substrate vibrations and, consequently, 
stronger vibrations of the microposts. By measuring the 
mixing performance at the midpoint of each pulse, we 
quantify φ for various conditions. As shown in Fig. 4a, a 
higher actuation voltage results in higher mixing perfor-
mance, consistent with previous studies (Shah 2019; Zhao 
et al. 2021). This experimentally observed enhancement is 
further supported by theoretical considerations of acoustic 
microstreaming (see Supplementary Note 2). In our system, 
tracer particles are much smaller than the critical radius and 
therefore their motion is dominated by the Stokes drag force 
from acoustic streaming, which scales with the streaming 
velocity (Bruus 2012; Gor'Kov 1962). Since stronger micro-
post oscillations increase the streaming velocity in the sur-
rounding fluid, the resulting drag on particles is enhanced, 
leading to more vigorous circulation and improved mixing 
performance. This trend is observed for microposts with dif-
ferent cross-sectional shapes, although circular microposts 
achieve the highest mixing performance, while the star-
shaped ones result in the lowest, for all non-zero actuation 
voltages.

At zero voltage, the primary mechanism for mixing is 
diffusion. In the absence of microposts, the channel exhib-
its minimal mixing performance (≈ 10%), as indicated by 
the green square markers in Fig. 4b. When microposts 
are introduced, the structures act as obstacles, causing the 

interface of the flows is disrupted due to the presence of the 
microposts in the mid-section of the microchannel, where 
the interface would otherwise meet, resulting in slight mix-
ing (Fig. 3a, “PZT off”, bottom, middle).

We evaluate the impact of microstreaming on φ by com-
paring the results from transducer on vs. off. As shown in 
Fig.  3b and Video S5, the acoustic microstreaming flow 
generated by the transducer actuation causes a sharp rise 
in φ (within approximately 0.5 s). However, as the actua-
tion continues and once φ reaches its maximum value, pres-
sure builds up in the externally supplied flows, which leads 
to a slight increase in the flow rate. This pressure buildup 
temporarily disrupts the microstreaming flow, resulting in a 
slight reduction in mixing performance for the remainder of 
the time the transducer is on (see “performance decline” in 
Fig. 3b). Thermally induced degradation of the transducer’s 
function may also contribute to this reduction in mixing per-
formance. When the transducer is switched off, the mixing 
performance initially decreases sharply before gradually 
decaying to its basal value.

Even though the highest mixing performance exceeds 
φ = 90%, it does not reach 100%. This may be due to the 
conservative method used to calculate φ, which uses the 
standard deviations σ  and σo calculated when the trans-
ducer is on. Since the transducer’s actuation can influence 
dye distribution at the entrance (see Figure S6.b) by reduc-
ing σo relative to the transducer-off case, calculating φ 
when the transducer is on could lead to an underestimation 
of φ when comparing it to the transducer-off condition.

Fig. 3  Performance comparison between devices with two-row and 
three-row micropillars. (a) Microscopic images showing the entrance 
(left) and exit (middle and right) of the main channel for devices with 
two (top) and three (bottom) rows of micropillars. The flow direction is 
left to right, as indicated by black arrows. The irregular lines and curves 
on top of the microposts represent the surface roughness. As shown, 
only the three-row design produces a nearly homogeneous solution at 
the exit of the main channel. (b) Plot of mixing performance, φ, for 
the three-row design over one acoustic pulse. Solid lines in the bot-
tom row of (a) indicate the locations where grayscale intensities are 

extracted for the calculation of φ using the equation overlaid onto (b). 
The data in (b) represent the average and standard deviation of two 
independent pulses on the same device. The duration of the transducer 
being on and the decline in mixing performance are indicted in (b) by 
blue and purple arrows, respectively. In both (a) and (b), a voltage of 
118 Vpp  and a flow rate of 10 µ L/min are employed resulting in φ 
to increase from 9% and 11.6% (corresponding to “PZT: off”) to 58% 
and 92.8% (corresponding to “PZT: on”) for the two-row and three-
row devices, respectively
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sharp edges and the smaller average edge-to-edge distance 
between consecutive microposts. These factors lead to 
the lowest mixing performance φ among the three micro-
post shapes. Also, as discussed below, the directions of the 
microstreaming vortices vary for different shapes, which 
could also explain this discrepancy observed in the mixing 
performance.

Flow rate is another critical factor influencing mixing 
performance in microfluidic systems. According to the 
literature, higher flow rates in passive mixers lead to cha-
otic advection, disrupting the symmetry of Dean vortices 
and resulting in improved mixing performance in curved 
microchannels (Liao et al. 2021). However, lower flow rates 
in acoustic mixers lead to higher mixing performance by 
increasing the fluid residence time and reducing the suppres-
sion of microstreaming flow (Zhao et al. 2021). As shown in 
Fig.3b, reducing the flow rate increases the time fluid spends 
in the channel, leading to higher mixing performance for all 
different shapes. The circular microposts exhibit the highest 
mixing performance at each flow rate, while the star-shaped 
microposts demonstrate the lowest mixing performance. 
This difference is likely due to the average edge-to-edge dis-
tance necessary for creating effective microstreaming flow 

fluid to bypass each micropost with varying levels of dis-
ruption. For example, circular microposts allow smooth 
bypass flow. In contrast, star-shaped microposts generate 
more flow resistance, potentially enhancing the likelihood 
of flow separation downstream as the flow bypasses each 
star-shaped micropost. Among the different shapes stud-
ied, the star-shaped microposts exhibit the highest passive 
mixing performance (11.8%), while the circular microposts 
show the lowest (5.9%). The smaller average edge-to-edge 
distance between two adjacent microposts for star-shaped 
microposts, measured at multiple points in the direction 
perpendicular to the channel, could increase the hydrody-
namic resistance of the channel more than that of the cir-
cular microposts (see Figure S7  for average edge-to-edge 
distances for various shapes). This, in turn, may locally raise 
the velocities of the external flow, induce perturbations, and 
ultimately improve mixing.

When the transducer is turned on, the dominant mixing 
mechanism is the microstreaming flow. A smaller spacing 
between adjacent sharp edges along a channel wall can sup-
press the resultant acoustic streaming (Zhao et al. 2021). 
We observe a similar effect with star-shaped microposts, 
which perform poorly due to both their densely oriented 

Fig. 4  Plots showing experimental measurements of mixing perfor-
mance φ versus (a) actuation voltage and (b) flow rate. Experimental 
data (filled and unfilled markers) are overlaid with fitted curves (solid 
and dashed traces). The solid and dashed traces represent nonlinear 
least squares fits using an asymptotic exponential growth model, of the 

form: ? = a + b

(
1 − e

[
cV d

uexe

])
. (a) The effect of actuation voltage 

(peak-to-peak voltage) on mixing performance φ across microposts 
with different cross-sectional shapes (circle: blue circular markers, tri-
angle: red triangular markers, star: black stars). In (a), the flow rate is 
fixed at 13.3 µL/min. When the transducer is off, the microposts act as 
obstacles. Upon activation of the transducer, microstreaming becomes 

the dominant mixing mechanism. Circular microposts show the high-
est mixing performance, while the star-shaped posts exhibit the lowest 
φ for non-zero actuation voltages. (b) The effect of flow rate on mixing 
performance across different shapes (circle: blue, triangle: red, star: 
black, no microposts: green squares) for two transducer conditions: 
“on”, with Vpp = 118 V (filled markers, fit with solid traces), and “off” 
(unfilled markers, fit with dashed traces). When the transducer is off, 
microposts act as obstacles, leading to relatively low mixing. When 
the transducer is on, the primary mechanism is microstreaming flow, 
resulting in enhanced mixing. Error bars represent one standard devia-
tion from three independent acoustic pulses; each performed on the 
same device under identical conditions with sufficient delay between 
pulses to avoid carryover effects.
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are assumed to be constants for devices of each micropost 
shape and can be determined by fitting this equation to the 
experimental data. Using the MATLAB Curve Fitter tool, 
we combine all experimental data for mixing performance φ 
and conduct a “nonlinear least squares” fitting. As discussed 
above, from the physics of bubble-induced microstreaming 
flow and the laminar flow, we expect d and e to be close to 
2 and 1, respectively. To impose this constraint, we set lower 
and upper limits for these two parameters in the Curve Fit-
ter tool, with ranges of [1.8 2.2] and [0.8 1.2], respectively. 
This results in a fixed set of parameters (see Table S1) for 
each shape, which can roughly predict the behaviour of the 
devices with that particular shape under various conditions 
(i.e., constant flow rate, constant voltage, and PZT off; see 
Fig. 4).              

D.	 Acoustic microstreaming flow pattern

To further understand the microstreaming flows generated 
by the microposts, we investigate the streaming patterns 
around different shapes of microposts in a quiescent liquid 
(i.e., when the external flow is stopped). In these experi-
ments, we use 1 μm diameter polystyrene beads as tracer 
particles (Section II.C) to visualize the flow. At this small 
size, the acoustic radiation force on the beads is negligible, 
and thus the motion of beads is governed primarily by drag 
from the microstreaming flows (see Supplementary Note 2) 
(Barnkob et al. 2012; Carugo et al. 2014; Qiu et al. 2021; 
Salari et al. 2020; Tho et al. 2007). The microstreaming flow 
is recorded approximately at the mid-plane of the micro-
posts, where the strongest microstreaming flow is observed 
(Fig. 5). All recordings are taken at the same imaging plane 
(mid-plane) set at a fixed height relative to the bottom sub-
strate. Notably, the maximum microstreaming velocity 
occurs at this mid-plane (consistent with Salari et al. 2020). 
It is known that an acoustically driven bubble can exhibit 
various oscillation modes depending on its vibration pat-
tern, resulting in four distinct microstreaming flow patterns: 
circular, elliptical, dipole, and quadrupole vortices (Tho 
et al. 2007). Similarly, in our experiments, we expect the 
emergence of various microstreaming patterns around the 
different shape microposts. Namely, we observe local pairs 
of microstreaming vortices near the vertices of triangular 
and star-shaped micropillars, and around the circular micro-
pillars (Fig. 5a-c).

We note that there may be variations in the amplitude 
and direction of the vibration pattern in various regions 
inside the main channel. In addition, there may be fabrica-
tion defects in the microfluidic device and in the embedded 
microposts. Therefore, not all microposts in a single device 
are expected to generate the same microvortices. Under the 
applied acoustic excitation ( 98 kHz, 60 Vpp), two predom-
inant microstreaming patterns are observed around circular 

between consecutive microposts. The triangular micropost 
is the most sensitive to flow rate changes, while the star-
shaped microposts are the least sensitive.

Figure 4b compares the mixing performance φ with 
the transducer off (where diffusion is the primary mecha-
nism) and with the transducer on (where both diffusion and 
microstreaming flow are at play). At lower flow rates, mixing 
performance φ deviates significantly from the transducer-off 
condition values across different shapes. This deviation may 
be due to the increased time the fluids are influenced by the 
microstreaming flows and the strong microstreaming rela-
tive to the external flow. At higher flow rates, however, the 
variations across different shapes are reduced, as the fluids 
are influenced by the microstreaming flows for a shorter 
time, and the microvortices are suppressed by the external 
flow. The observed difference between these two conditions 
underscores the significant impact of microstreaming flow 
on enhancing mixing performance.

In our acoustofluidic device, the mixing phenomenon 
between two fluids can be analyzed mathematically. When 
the transducer is on in our acoustofluidic device, two sources 
of fluid flow exist in the main channel that contribute simul-
taneously to the magnitude of the mixing performance, φ. 
One source is the externally supplied flow, and its resultant 
average velocity uex, which is controlled by the syringe 
pump. The other is the net acoustic microstreaming flow. 
Since in our system the transport of dye across the channel 
width influences φ, neglecting the diffusion effect, we can 
define two advection timescales to characterize this trans-
port fully:

	● tex ∝ 1
uex

: This is the timescale of advection along the 
channel due to the externally supplied flow.

	● tac ∝ 1
uac

: This is the timescale of advection across the 
channel width due to the y-component (Fig. 2b–c) of the 
net acoustic microstreaming flow, uac, which correlates 
with the actuation voltage, V, as uac ∝ V d, where, un-
der ideal conditions for bubble oscillations, the expo-
nent d = 2 (Ahmed et al. 2016; Miller 1988).

In the absence of acoustic excitation, the transverse flow 
component uac​ is effectively zero due to the laminar and 
unidirectional nature of the flow. This absence prevents 
cross-stream transport. Acoustic microstreaming introduces 
a non-zero transverse velocity, enabling dye particles to 
move across streamlines and significantly enhance mixing 
efficiency. In our system, it is reasonable to assume that 
? :∝ tex

tac
, which results in ? :∝ V d

uex
. In addition, since φ can 

vary only between 0 and 100% and based on the observed 
behaviour of the experimental data, an asymptotic exponen-
tial growth model can be applied. Thus, we can write ? in the 

form of ? = a + b

(
1 − e

[
cV d

uexe

])
, where a, b, c, d, and e 
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In Fig. 5e, the microstreaming pattern around a triangular 
micropost reveals a pair of microvortices (one clockwise 
and one counterclockwise) around each triangle vertex (see 
Video S7). Similarly, Fig. 5f depicts the microstreaming pat-
tern around a star-shaped micropost, demonstrating pairs of 
microvortices (two vortices countering each other) at four 
vertices on the right and left sides of the star-shaped micro-
post. However, the top and bottom vertices of the star do not 
generate noticeable microstreaming vortices, merely pass-
ing the fluid in a clockwise direction (see Video S8). This 
unexpected discrepancy may result from the microposts 

microposts. The most common and reproducible pattern 
consists of a semi-symmetric circular vortex form centered 
around the micropost. In a smaller number of cases, a quad-
rupolar pattern—characterized by four distinct vortices—is 
observed (results not shown). Despite this variability, the 
semi-symmetric pattern remains dominant across devices 
and serves as the basis for all quantitative analyses in this 
study.

Figure 5d shows the microstreaming flow pattern and 
velocity magnitude around a circular micropost, demon-
strating semi-symmetric circular vortices (see Video S6). 

Fig. 5  Flow patterns of acoustic microstreaming generated by micro-
posts with various cross-sectional shapes. (a–c) Schematic represen-
tations of the resultant microstreaming flow in a region of four (a) 
circular, (b) triangular, and (c) star-shaped microposts. For circular 
and triangular microposts, two sets of arrows representing net advec-
tions in y-direction are highlighted in cyan and magenta for + y and 
-y net flow directions, respectively. As shown, circular microposts 
exhibit dominant semi-symmetric circular vortices (black arrows 
circulating around each micropost), while triangular and star-shaped 

microposts display a semi-symmetrical vortex pair at each vertex of 
the pillars. (d–i) Microscopic images of microposts with the overlaid 
microstreaming flow estimates (colored lines) extracted from the bead 
tracking software for the regions outlined by two dashed square boxes 
in (a) surrounding a single micropost (d–f) and in the region between 
an array of four microposts (g–i). In (d–i), the scale bars are 20 µm, 
the color bar represents the velocity magnitude in mm/s, and an actua-
tion voltage of 60 Vpp is used
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larger number of local microvortices per pillar—which may 
promote local mixing—these vortices primarily interfere, 
limiting effective transport across the channel width.

These observed differences in mixing performance may 
be further explained by considering the resistance to bending 
of each micropost shape, quantified by the second moment 
of inertia (MOI). The MOI reflects a structure’s resistance to 
bending under acoustic excitation. Among the three shapes, 
circular microposts have the lowest MOI, which may con-
tribute to greater oscillation amplitude and thus stronger 
microstreaming. Triangular microposts, with their rigid 
angular geometry, exhibit a moderately higher MOI and 
may lead to correspondingly weaker streaming. Star-shaped 
microposts have the highest MOI due to their extended, 
vertex-rich structure, making them the most resistant to 
vibration. This resistance to bending limits the microposts’ 
deflection, which may result in weaker and less effective 
microstreaming. Indeed, the trend in mixing performance—
highest for circular, moderate for triangular, and lowest for 
star-shaped microposts—appears to scale inversely with the 
microposts’ MOI (see Supplementary Note 3).

4  Conclusion

This study investigates the mixing performance of micro-
fluidic micropost-driven acoustic mixers by examining 
the influence of micropost shape, actuation voltage, and 
flow rate. Photocrosslinkable polymers are used to fab-
ricate the microposts with high geometric precision. The 
primary novelty of this work lies in the systematic evalua-
tion of how micropost cross-sectional shape affects acous-
tic microstreaming and mixing performance. Among the 
shapes studied, we find that circular microposts achieve 
the highest mixing efficiency, with a mixing performance 
φ = 86.7%. We attribute this performance to its abil-
ity to produce stronger advection across the width of the 
channel and its optimal spacing between adjacent edges, 
forming more constructive microvortices. In contrast, star-
shaped microposts exhibit the lowest mixing performance 
(φ = 56.5%). Although the sharp edges of star-shaped micro-
posts enhances microstreaming locally, the smaller void 
volume between neighbouring microposts likely suppresses 
the formation of constructive acoustic streaming. Triangular 
microposts produce moderate mixing performance.

The results of this study reinforce those of previous stud-
ies, demonstrating that higher actuation voltages increase 
substrate vibrations, leading to stronger microstream-
ing flows and enhanced mixing performance across all 
micropost shapes. Lower flow rates also improve mix-
ing by allowing more time for diffusion and enhancing 
microstreaming effects. Additionally, circular microposts 

being too close to the neighbouring pillars or the channel 
wall at the top and bottom, which may cause the suppression 
of the two pairs of microvortices.

To further investigate the effects of neighbouring micro-
posts on the flow streamlines, we study the microstream-
ing in a square-shape region consisting of four microposts 
at its corners, arranged in two consecutive rows and col-
umns. For circular microposts, the vortices of each micro-
post appear to influence the neighbouring ones resulting in 
the microstreaming around the microposts to become less 
symmetric (Fig.  5g), while still roughly resembling the 
expected flow directions. Furthermore, due to the varying 
edge-to-edge spacing between adjacent microposts (Fig-
ure S7), additional clockwise vortices form in the region 
between the circular microposts (see Video S9). Each of the 
four triangular microposts creates a pair of opposing vorti-
ces around each vertex (Fig. 5h). The proximity of adjacent 
microposts leads to the formation of new vortices along the 
slant edge of the micropost (see Video S10). Figure 5i dis-
plays the microstreaming pattern between four star-shaped 
microposts, indicating pairs of microvortices around four 
vertices on the right and left sides of the star-shaped micro-
post (see Video S11).

Interestingly, the average of the maximum tracer 
velocities around the microposts was measured to be 
8.88 ± 1.29 mm

/
s  under identical acoustic excitation 

conditions ( 98 kHz, 60 Vpp). This average value was con-
sistent across different micropost geometries and across 
multiple devices. The streaming velocity was determined 
from tracer motion using the same measurement protocol 
described in our previous work (Salari et al. 2020), which 
is also cited here. The R script for this analysis is provided 
in Supplementary File 2. However, as discussed above, 
the mixing performance is highest for circular microposts 
and lowest for star-shaped microposts (Fig. 4). This can be 
partially attributed to the larger void spaces between circu-
lar microposts compared to those for triangular and star-
shaped ones (Fig.  5a-c) resulting in the inhibition of the 
formation of constructive microvortices for the star-shaped 
microposts. In addition, for the circular and the triangular 
microposts, the superposition of microvortices generated 
by individual posts can result in a net advection across 
the width of the channel. This is illustrated schematically 
in Fig. 5a-b, where the curved arrows, highlighted in cyan 
and magenta, represent the net advection in the +y and -y 
directions, respectively. For the star-shaped microposts, 
however, the formation of such net advection is largely sup-
pressed. This lateral advection facilitates the flow from one 
circular or triangular micropost to the next adjacent one in 
the y direction, enhancing the transport of dye across the 
width of the main channel and ultimately improving mixing 
performance. Although star-shaped microposts generate a 
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consistently outperform other shapes, while star-shaped 
microposts are the least effective. Detailed microstreaming 
analysis shows that circular microposts create semi-sym-
metrical circular vortices, triangular microposts gener-
ate two opposing vortices at each vertex, and star-shaped 
microposts form opposing vortices at four points with mini-
mal microstreaming flow at the top and bottom. Although 
the magnitude of the microstreaming flow velocity is 
approximately the same across different shapes and devices 

( 8.88 ± 1.29 mm
/

s ), the other differences between 

the different shapes result in different overall mixing per-
formances. Our analysis of micropost geometry suggests 
that circular posts, which have the lowest MOI, may allow 
greater deflection and oscillation amplitude under acous-
tic excitation. In contrast, star-shaped microposts have the 
highest MOI, which may contribute to reduced micropost 
oscillation. The microposts’ geometric resistance to bending 
appears to be consistent with our observed trends in mixing 
performance, whereby circular posts outperform triangular 
and star-shaped posts due to stronger microstreaming.

In summary, we find the design and arrangement of the 
microposts in such microfluidic mixers to be crucial factors 
in enhancing the performance of the mixers. These insights 
provide valuable guidance for designing more efficient 
microfluidic mixing devices for applications requiring pre-
cise and rapid mixing. Future work may explore additional 
micropost geometries and configurations and integrate these 
findings into biomedical applications such as nanoparticle 
synthesis, cargo delivery to cells, and biosensing.
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